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In ground effect, the prediction methodology proceeds logically from the
defined aircraft lift-jet exits through the free-jets, jet impingement points,
wall-jets, fountain bases (stagnation lines), and fountain impact on the air-
frame undersurface. The induced suckdown flows are computed from the potential
flowfield induced by the turbulent entrainment of both the free-jets and the
wall-jets in ground effect and from the free-jets alone out of ground effect.
The jet and ground flowfield methodology defines necessary fluid flow properte.ý
in the free-jets and wall-jets, the jet impingement regions and fountain base
regions, and the fountain upwash for certain classes of multi-jet fountains.
The entire methodology is dependent on aircraft and fAiowfled guomtcetry, .nd an
effort has been made to clarify and simplify geometric reqluirements.

The methodology emphasizes arcurate analytical and empirical modeling of
free and wall-jet flows (especially turbulent entrainment); ground wall-jet
interactions including the computation of multi-jet stagnation lines and foun-
tain base flow direction; and fountain development and impingement on the air
frame under-surface, An analogy between certain classes of multi-jet fountains
and self-impinging pairs of circular jets has been used to describe fountain
geometry, and to define experimental test configurations which were employed toempirically investigate fountain development and impingement on the airframe
under-surface. Techniques for predicting fountain induced forces on the air-
frame have been developed. An investigation of the effects of protuberances
was included in the experimental effort, and techniques for predicting the
incremental forces due to the interaction of fountain flows with protuberanceswere developed.

The induced potential flow field due to turbulent jet entrainment is
computed through use of the Douglas Neumann potential flow program. The program
has been modified for direct application to the VTOL flowfield computation
problem, A User Manual for the modified Douglas Neumann program has been pre-
pared.

The developed methodnlogy represents a state-of-the-art approach for
the engineering prediction of ground flowficlds, induced so.kdown, and
fountain formation and development for multi-jet VTOL aircraft.
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P REFACE

An analytical program has been conducted for thei Naval Air Development

Cunt:er (NADC) by the McDonnell Aircraft Company (MCAIR) tu develop a

methodology for the prediction of propulsion induced aerodynamic cffects for

mu I i- i. 1 I't-j e t VTOL ii rc raft ope'rating In the hover mode in rnd out o•I

ground effect. The methodology emphasizes accurate analytical and ernpirical

modeling of free and wall-Jet entrainment, ground wall-jet interaction and

subsequent formation of fountains, and fountain Impingement on the undersur-

face of the fuselage/wing. Induced flows about the wing/body are computed

through the use of the Douglas Neumann potential flow computer program which

has been modified for application to the VTOL problem.

These analytical techniques and empirical correlations have been incor-

porated into the resulting methodology for force and moment prediction,

Thte basiv aialytical work duscribed in this report was funded under

contract #N62269-76-C-0086 to MCATR, Most of the experimental data presented

in this report concerning the formation and development of fountains, and the

data pertinent to the description of the interaction of the fountain with the

fuselage/wing and the effect of protuberances were obtained as part of a MCAIR

Independent Research and Devnlopment Program during the calendar year 1976.

The program manager of this study was Dr. Donald R. Kotansky and the

Principal Investigator was Norbert A. Durando, both of the MCAIR Aerodynamics

Department. The techninal effort associated with the Douglas Neumann potential

flow computations was performed by Dean R. Bristow and Philip W. Saunders

of MCAIR Aerodynamics. The Naval Air Development Center Project Engineer was

John D, Cyrus.

The authors wish to express their apprecLacion for the guidance and

technical support provided by Chester W. Miller, Chief Technology Lnginver -.

ALrodynamics nnd Robert B. Jenny, Branch Chief Terhnology - Aerodynamics,

MCAIR. • ,
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I. IN'RODiJCTI ON

The desig~n of VTOL aircraft equipped with powered i [ft-Jet systems re-

tilo V oi a knowludge ofT the rnrnp.l Lected f lowE leld produced by su~ch devi cer.

ove'r ai wi ti ranpe of' niircro ft operati;ng uood it lonc Of) par L:ictilar fiicpo r Lowe

-iro Lilt, F. lowi I Vi IInltorccc.- Ltlqn resulting f romi Owa iperutioii of these types ofr

ii ickiciit Vil the laVor miode act ol' ground etftect ind hi proximIdty to the ground

wholto A-t rang [oLLe aC t Ianl FrOI rococot1 .Ly re r ho tWeen thle ' retjv S treamsci, the

tii VtIflt011 !W1COi ic, ~ind t10. grWIccd . Thos-e hintuacct toas- c-iaail 1Y riýscil Inl Lic

introduction of* forces on the airframe which can be positive (providing addi-

Lional lift) or negative. Thus, a propulsion system designed without taking

Into acc.ount the :Vnd-oced f~orces may not provide f~uf [iclent thrust for an ade-

quately controlled t.;.keoff without a reduction In desired payload. In addition

to theseL4L induced net loads, situations nre encountered where unfavorable moments

nor produced oil the airframe resulting in silgni f:cant stabiliity and control

p1rob lims .

'ikl In1duced IfarLces (and nloments) -in and out of ground effect us~util Iy

rec411 Cii fl ram One' OF two- r(0511F4l1l1hI.y well 1 U of Vnod viscous flow phenomena: jc!t

cot ra'i.nlman i nti the. fnormat ion of lJet flow fountains.* Jet un trainrnant: causes

athlWi' rw isa s La tilar to he. set tonto moc)t ion, resuil.ting i1.11 oraýLlly. reduced

stntfc* preissures on nearby airframe under-mur faces thus Iot roducing negati[ve
tattnoml lods *Tuele en trin mant ofeet occur Onhboth inl and out: of I'(!-

gi an s in f Icc ord by the presence of thle groulnd hoit iS freqcuently acceoton tedc

as t ho d 1.s tance between the Jet source (nozl xxiL x t:) and the ground i~s reduced,

1 argu I v because of the proximity cif tie acddit ional cot ra lomuti roan iting Fra-m

thle ground Wo 11.L-:1eta

Al though the J1et entrainment effect occursi both In and out a lf ground
ot'fect, thu Formnnat ion a f j1 !L- flow fo untahins rcoqui rC asl an Lp V gemeni t ur-

fAtL' m inid there fre , Is pecunl.iar to 0 perut iion close to thle gI*na oicd T110 o a

Iloll ()t founta ins [,, aiso Ljoof Iguiatiain-dopendent In tHint mAol i Itv. ec- are

reqJ 1.i0 111di aoO L.10ct- impingement points 4, rchitat: qwa rougtLbs of Lhk' Jet a4, ind

101 1.ip IflgeseLn t angles are strongly, [nlfjl ~lonjl tin .ta to rs . 'The tipi)V-li idLaiijveti!

ilo hif 11 a)Et- flow in1 thle foccotital Ins clii I y rISultH ll anc posliv ot v irocivnimmcc

lift, C acisd by the positive pres sur 'izat ion oif alifrilfl romecInd ar-stir fat as con-

cni-in lo cind cieft Icc:t iog tie focintain flo0w. Ibeacac a of the upwnvdcl tmvoc t I on

a f t ilP I Ift L-L atflow inl tile. foonoins111, aI ciegraldAt'i ( or a prpl(11,1.1 Si N i'Stkmc'nj

fo rccccuc. freqin I.Iv roc-iccts thcrough icxjiiciu~qt-kgcs [iiyocc ti Ioill 1.1 n Viii l'is4poc t

fmintillci tc call Ic det rimental to VTFOL atincrincit c-r1cinolmlilcu icc p'rolinld pr-oxicmity.



Generally, the aerodynamics of VTOL aircraft ar3 influenced by a number of

geometric parameters and by the viscous (turbulent) nature of the local flow-

field, Significant VTO1. hover flowfield interactions and their resulting

effects on aerodynamic performance in ground uffect nre summarized in Figure

1. The comprehonsive theoretical prediction of these flowfields and1 resulting

aerodynamic forcos for nrbitrary aircraft c.onfiguratl.ons is undoubtedly many

yuars off, and it may nover be economically feasibl.e to rely ]nloly on

theero L•tol C red ltloOH * llowever, 1.t Is possible with present knowldge t:Io

synthesize useful solutions with empirical information for well-defined

flowfields about airframe components of significant current interest. It Is

to this objective that the work described herein. was directed? the prediction

of lift Jet (primary) and induced flowfields, including induced forces and

moments about arbitrary aerodynamic shapes in and out. of ground proximity for

a well defined set of flow conditions, This study waa accomplished through the

synthesis of new and existing analytical techniques and empirical correlations

in use at the McDonnell Aircraft Company (MCAIR) and the McDonnell Douglas

Research Laboratories (MDRL).

Problems Causes

/ S Lift Loss (Suck-Down) -- -Turbulient Jt Entralinmont
V 0 Lift and Momont Sensitivity -- Deflection of Jets and

to Pitch and Holl Fountalns b/ Impingement

/ * Lift and Moment SensItivity -- Deflection of Jets end Fountains
to CrosWirids by Cross-Winds and Crots-Wind

Induced Aerodynamic Loads
a Engine Thrust L.(.ow From Fountain, Cross-Wind and

Exhaust Gas Ingestion buoyant Convection of HotExhaust Gas

V Prnblmi addrisind In this study,
at-7/ U374 91

FIGURE 1
VTOL FLOW FIELD INTERACTIONS IN GROUND EFFECT

The comb .(',.d methojology was developed bv pt'ooL.dedln, logix.at :\' t:roak thLu

ii t t-. et exits throulgh theV io ua fiowf t.ld I.ncl.udling ti10 fre•e--l tH, w.l.-

.-tH, .,'oal.-, et r.!tagnat ion lineo , fountain formaLinn, and fount i i ItL ini',omcnut:

on the ali-fr rime In ilrc)un10 d 1 oflfO(et* In and out ol ground offecst' , 1: •I ontralin-

mont Lnduc ed flowrio .ds o re obtained from comrpuLations of Induced potent. al

fl.owS about the1:1 111 1ra1 o ,. -iH o tab La ].isiied by emp rieoa , free and wav l.-.JL!L eUtI-al' ul-

.mlunt oharac, tr to, wilore .appropLait.e , Although the viHc.ouo f.]OW do Intl iun.oo

' I - I lý2



the Induced potential flow through specification of jet. surface, entrainment

velocities, the induced potential flow effect on the complete flowfield Is not

Iterated ocv alte~red to comput~e ciddIttonnil hinternceti~ve flowfiel~d effacts. r~he

haiiiic Huparat ton of suckdown and 1MI ountvi in f o-CO ShOw11 In F igure 2 Is Inhe~ren t

Lin L 1w fo rmulf.A1 -oilon ) the resulting methodology.

SikD tributions Sim~ulating

Je Enranmn
- 4 lAV



2. FREE-MFi AND WALL-JII' liLOWFPIELI)SI

AN!) JCFT ENTRAINMENTll CHlARACT ER.ISTICS

Tho 'mainyt:Ail M ai d vilp jr ha I. 1k)Imld InLg of theC V1.scollH (turhmitlont ) 1.1 (ws

mmltmmdirig ime flrCw-jets, jotiipIignmert relI ons tind wim] I-jets hi dest-r hid

i i t lit, o l' o I1whtng slibhIa Lt' L ons. 'It l H ( doH-, r I I)t. I Oi of t Ihwe I Iii I I !i(tlIi lt I o l,11

WH I'I MV 11Im01101mmm prov Wde!; ii :mhmi for tilt' prvd It, t I Oil of t heU j)r'o~jert [CH

t t lie-S H I IOW4 I [I('I I 11(l I I o go I I OW , e I or I LY (I It L" .rI bu t m l , in mmik1 L 1111 1' 1u-:

d .8tmmtl.huttol and mas~s averaged tommper:iture, *1otal pressuotre.s, It required,

aro obtainied fromi Inowl~edge. of Litm, veloc ity distri~bUtIeO 1mm il he. eonltant

pi -ire (ambihent) free-I ot: and Wimll .-I ci regions. The resul tinlg predict; Ion

met0HodIOI..gy ineorporntes a nUrmmhcmr of. thooret~icmi~l., empir ice]. and semlit-umnjiricool

dcoserip it [m of time hidividual f low reg]Lanl Involved. The emphasis technic.-

a I y , however, 1mm cin LIA LINO am-ic atigh qlul.1:1iy vmp fri .aI da ta wh 1dmI have bee~n

1.1icor pora Led inoa the prodi c Lion mcd thedology wherever possible in pref errunue

tO jIurol1Y theiiOr mt.LC.1l. pred ctCiOnim.

P2.1 re -Je0.t V IowH

I*t 1 vx ) vt ed thIia t f or VIOL a I r craf L Ill hOVQer, tIme] . Fi-jets wil.l. retain
Ire9-.jet elmaracteristlc.H, I.e. , they will be to Fir~t order unaffvected by pres- '

Hilr o grald lnts fo tr snieumo fattion of. 0he dl.to Lanc he tween Lthe tooz xit oxi.t and

the ground p l-ne. Expuerieuc-e bhoed oin wind tunne It o tuHL 1nd prac tk-la1. rena icie~r.-4

t Lons- hove Iniictd -1cmhoiOnt tihe (Id lot. anc,( , betwocm in nz I. ue uxIL and jround plane

(i/ to he vni no Idelred , .1.1c in the. ranlge

Comisoequont LIy Il Lneres t in thle p ropurtleus o f free Larhul eIt unLLtL I S fiommime CL n1

the Hm-mmn range of nazzle. d:Lnmetors downau~rutil of Lit, Oxl.t.

TheQ ye joe ly dIIImount intILtY at: tIme exit at. a etooi'I l oimImed (muL

byv vime-ucmm of fecF to within a tihin Hmiher I. ayer, Th mheo r i aver j.s highl y til-

mm ah i.e and d evo aim froum tlie nov xx ll)i ýLHp a f'rue Lurh)U.1M en fl.ow * For some

d isot~anuc downo trealni or tile nozzle oxit plane, the a10t l'Ut-41ino a pattnt.1.1 t'Dre

Il1ow !urroundud by a shmeathm olf highljy tmhirm loot flu'-j hibwor.lNvoghtwoeri t he

jut and qurrounding f luid takem place. This I corei flow region Isoeventually

Moti1i1iiid" bthe srpread ing t urbulent; mu lx~l g, amnd t he u t eVent 11La I Yv be) UuC011.14

kit, andc flow con tinutItv requires ti l: th to e m-eeo maso 1111Kx beaUp SII lId -1'11

hu surromiuuidng medium. The rate at wh ich the 10t: orIMtra j mu eIxternl a1 ilul

IsFounid to he differenlt ho the caore. flow (or polemi t. La r ork!) regitonl 1from

5
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Lhai; In the fully torhu 1 en region. In Lill- Former, entruinimun.tH iAL u to a1

Wivar layore which septiriltos two rugi ont nif upproxctximtely cclnstailL Vulue iy I
tit HIV I ait tel' , a1n OWu Lt-ito I Ont regIon Hproadii, Uhu Ju t ec'nter I Inu ve.Itteity
dieiiiyH- . T110 fri L I I U 1 10 th Vo.?, IV 0t WhI I Ioh1 t Ii 10 7] W ltI)ti( V C 010 i I I y t ur-
o)It e01 L. h; Lilt' IFe 1'0t MI 111)4t ,tIpo Ia 1p ra'ue o r 11Iii ('t l I I 'll I lit V 101 Of it I r, frinm.

mit' kd.own Fot) en us oeu t (I frOe-.1 01 1.nil ra I 111ome I

tin inmen t diitt rihut Lion, genura Il~y dependHt on the 1.01lowing po romeLu rs:

ot Jet uxit Reynoldtt number -1f

oNov.vUc Iirutinnre raltio - NVPR P /1

0Nctzvle tanperaturu ratlo - '1' /Tr,
o Nozzle shape

0 Exit vol1ocity proriie

o) Exit turiml.ence Intenal ty
Re~~ioids Lishe rFFet or the~ reievaont Reynolds~nnh rrne

to rhti1 n t trantsport. dotmit-a tet tho fl ow. The shear I nyor and ect develIop nits

froe ttorbilunt f1W io U nCOnS trifn Ind by rigid bouncer teg, and consequent ly
Rey'nol ds nuniher uf feetH tire nvgi I~lhie (Referencea 1.).

2.*1.*2 Nozz.le l'rmsuorv lnti -n The no:,zle pressure ration considered
rantog from H otinIbO1C (NPIR - .1.05) tonmildly undareaxpanded (NPR - 2.2) . T IIUHeQ

the C:il'i le pruOtnclre rat LuI 1.89, the nozzle chokes, and siincec only convergent

nxtes/~ C are conn tdurod, larger volticH oh:' NPIR will p roduce undurexpand ed I atH.

For subh onLiv aot , the V FfeCL (If NP14 (and Lompurature ratioa) will.. be! rte I c.-

F ~ted fin it .1t density which Is dli-ffrent from ambilient. Thu effect of 'JLe

to nriblent duns ity Vat in upon entrainment charac'teris tics Is taken Into

ace otri t by cuirrentliy iava. aikib ont rklinmeln t dia ta. For uncle rvX1141d d J0.8t, OIL'

uxiLt. prusnnrt' iH rol1luevd by a soipur.4onle expanitn.tii * vurempans . on results,

i nd the CIv1` ow L 4 ru co m pr e H sud by o 1 e vre H omc)F mII hc k. witv LiH c e f vr vne ue (2) Id un -

H .f 4i cH t he t-o II owing tf Low p~a~t urrnn and aH Hocia ted pressur OtQ atioH

it. 1.05 KNPH 1.89 - no HhockH, exi~t prur~suc' approminat~e.l y eqaiti Imt

,imnl lent

b * 1,.89 :NPII 2.08 - weak ixp an sian WaVes 111d n11*il lmt nHttk4 eem e

In olet

C. . 2.08 NPH < 3.79 - ttdjinnmond' shiock pat turn

d . 3.79 __NP R - H~ltllg nltos deveC.I l OPit. ce01OV t Iino,.

Tihu no~zl (:, prenimnoirc rat lti COH cliderod In tIIIH s tody ltIncode, the F IHxs t hrot

6
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'ooro f1.c'w Act boundiary is distortedi 1Y the expansion nntd recompre,981oll procaliN"The turhtdtnt sheinr laiyer thuis develop# along a distorted boundary, with n non-uniform veloi~lty In the core flow region. In addition, shock wavoli penetrate thleshonr layer und tnay hao oxperc'. to to arrF uct., its i rduLvc o~1 rn t. ThusH 1 1 thollght iru1.rbtlt d f.i4 pot. Iton wi1.1.1. domniltel laid thle .1at Will Ii even tuat.1y hI eq i va entto aI 'qubtion I I i, till flow .1 I L' ti c, Ii ghbihor od iii f t-ivt nmxxi i' IL o xt reneivi
o'0111). lctod . Typ ical nortmIj i ed jet ye Iout ty profte ii i.~ d nXta I dvcay and14p)roaiditf Ln arllnr itor hI t i('is arv ,I voive fo r jut s wLIitIo NP'R rnnlngco (n) (t,) ;1rud(d) above in 'Reference (2). Characteristcs~ of jets In thu MIR ronge (hi)aro taken to be repremented ndequately by those of NPII range (ci).Ax~iynimetric Nubhanic jetto With Lkfliforili exit velocity ptvfiic have been
i~ttid-ted extenaivol:y. Three main flow regions have~ becill identified and .aruoIndicated in "Igure 3. For iacne distanc~i downiitream of the nozrie, tie jetrvtainm it rvpgion of core flow. After the jet I)eOVOWN fully tUrbulent, the maxi-11111111 velocity "long the jet axis begins to dectiy, For ValtiCH of 7./D 'in ox-vL t of 12, the mnxinuiim veloc ity In tho Jot decays inversely with nxin1. dis-t onev, and Lilt, t Urhulenit region growa 1 ienr ly . The corv flow r egl tin o)f t heJut permidts to valties cýZDJ of npproximately 7 at whichl point the wn~ial

volocity prorili~n become Seif Similar.

F 4
I~ V10

-Core Flow.-----m Tranaltiun Established (or Fully Daeuloped) Flow-
1DN Z/0111  12 uor'. Q374 36

STRUCTURE OF THE AXISYMMETRIC JET

Vret- a I devel opment C~n h i~dV equn La 1 di'MCtilIuCd 1w1ý lie h1.'Illnv I r Iof

i'iii~c' t.. Lrct u t voliint.i oH ancd Icngthti ind fJIe -i S,'. F-c'itnij III. O 'l P Olt'l-i O (11:Nii



Ilil ly deV&,op~j)d J0i Uirl NPlH rango (if) of Raofrui.nce 2. Figure 4 premenftm 101

dinivnfH ional v,.itwity pr fLit.0S For- Ix hAynlIMuAtor free- juts niS if fliiition of

F'or Z/i)j ýt 7, tHi velocity pruli lI Is nre iNC I.17 IIIII 1,41. and th 811 1flr flu It o ng

Vill I LIS Wi Ii LI ., p r 5g n plur nI.-Ho I .~ Lho' behalv Lur orF diii .jt L Il xturinI

IL'In)tlla 111tj vv' loc I L los wlt' I i lximl d 4 IiiL nct' A/i) 1 'lil0 IJl0 ILY 1)'(i't I Itti4 111(

jph:4i i I ,01 I ' Itu 'V Oi iF lIC 'NIn O-i ''I1 can 1)v obtain- 111( rOi ilti-i Lh tW I* 1glat''! illp

a irvni F mtiidiuur-sur iaco iand Llife ground ).LfL

2.4

z '-A 7 W Iin cIJ

2.0

0,44

0 2 04 0. j ,

0 1  UOi2 0.44 Ol408

FIGURE 4
NON.DIMENSIONAL FREE-JET VELOCITY PROFILES
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FIGURE 5 (f 74

AXIAL VELOCITY DECAY AND SPREADING CHARACTERISTICS FOR FREE-JET

TIhu ont rahimmiot rao

Id0,,irihim tilt! ornoun t of .idd it Iuna im unhIwt fuitd 11w1 Ls pulle~d Into t.11

.11 bV LUrbleu'nt 11I.IX1,11, amdi tIi(Al dovl*~~oprii alcoup Its dtxI, I'tgiiru 6 fN

a Humllury (.)I' sv.vc'ra1 t1Immv.irLd mid esItlima ted Lurbull ItI )oI matiII flow I.N Lri-1

but taoiN, Where.

;Idd

Mtost mit holrH consi N(or 1.11 idaLa o f K [Qou mid1 Spi I d i i, (.ctrvv c ) to Ic'f)lP!H oft

010L 1110 t Il 0M.ro4 U 11Wmoo Incrimont C) F IMN L-1 ntr1% I nn1wntL I n tho u I u I Y d evi' I upod , Nyo Ijun

11111.'H Utlit (Curvu' A) ajoorve well %4.0 wtttiCrve c: tol tho (t'1 b oil i dovolopmd

Htow, muid ;i Is Mc i rt I uov clkN;1100 tc.iru niif s In ii t, colt' r lwý ro)'.f1ol, '11 0111111fn li Ill

t'iith~m 1 iiI'AtO rotcINV t Lu he ro l't NoW mid the fol r' dovvlIopt.dI'l f )W rogluil k

t ivOii L I il tfilc dot, Cu m!r A 4hi wtwo Him 010 fi 1) I It' 1 :11 1111t rtil I MU1 t. VtI t c Is 110 (011-

011) li thi). 0L) l thu iiiiif, K10 M sI~ idt POSHM d Lct.1 (CI;hrVt h). H1fuW 'I ComA t I tn I I aI

onl L rn I 1111m lI.1' I t I, , Wi I Lh f1 i riiiit I n H I up ýil (AID 1 ) 1 . Goo Iv I, I H In1 good

;1 b'101111 W [Ii t. u I Io II n[OU d TSpai Cfing hi~ii Ill to11 1 111 1 Y coVO I 0"I'd ft IOW 1'0)g Ion

C1i1ccvu t- 11w i m '41111 1I f t* tfop chal)vioiq oll futWII ift! co i' ;1nd . h fit u I I f cf','i I o
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FIGURE 8
ENTRAINED MASS FLOW DISTRIBUTION FOR CIRCULAR JETS

f Low trugiols. I'fn thw u f l.y ciuovL hipd Hlow trug on, tho '41opt, For Ciiirve I` Ij f illb-

mitont i~l lov1wer thimdin th rmenriurod by cither hinvei,i t i g1to r , MoMI ol L110 L'I I1*VV

1,11 FigU re 6 C hilngesuN.tpe Ln thu range

5 (i/n )6.

In di nail~ytiIN byv 1 ygrianskt (Re frunlev 6), rZI 6 ititLkain tu hu tiiu
buIiInnhiv ofI1 t'flt kllv (IvulIoputi riow reg~iurn, 'Iho Lonii Itl[on zoneu LN luVg I. t.Lld ,

011 iicnr, ilowonra inrnL'n rnte.. Im li~od III vo (0/1) ) b, wt I t 11 tofl I v (lk'v-

0l011(ld L'nt~raiihnot niL~LL ro or (X/l11) vanw nio~ I msN

butL It1o Ist Inod I 1tvii It' 1 Curvil 1) 1n F gur . (1 11 H lo to.1 IIA Jil VII '1. Vi I hiill t-11 I'; I

[NS rI'l- OI'lihl.) V Ai'HI'lrait , lc tho brni.nit -til c)f thU ho Ilut ti to 1 L i 411, V,11) u 6

IH* In g0ood itlgruviont wi t1 CorlVV B. I Iwo v r v I' .IIv v L't r-i I 111 ni11t. r1*i tL L o LhI I. v ItI I I y

liil v c 1 .d ru g I on I.n o x, oHin I v L!

In Lh I I )r l H L 1t, bd y .* L I thu IIt ot K1.vIH and Fl1N$i Gorvt-V 13) jol;( 11OIn Hil-

Lt Ct Id t: 1 CtlHLnh I) 1I Hh I I L t I I o OnL Ira 111 v11t ru It: Q 10 Ior 11)hHOn 11 1- C1,1 V` a t Si , W t I thut

oI 1iw log ru1411 IN
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ATi 10t
(i 1 ti./0.jI 21) f/Jor o vy/1 6 ('1)

d(7/I)1

2*I*I NOV,', IX. 'oiiUi1 1c trtor Hiat it] - 1111, ,IiuLo t IS tit ' .iv .1 'atI

rato Lii re taken Into account In duternilning jet 0I'fit Vii uCity , V1 ,, and jet9

oxit denvi V:y , p1  which in turn Affucts thec free-jet entra:Lnmunt ritte OHm0

showni n Piguru 6. Buoyantcy ufcITLets in Lblt e fro-) e tH and waIli-,jett, aor not,

Lonl4 idered in the retus~t ing methodoiogy.

2,.1. 4 No~zle.§11&9 - Reference 5 containN ditta on the characiterimII :t1 Ofc

ýihxniiie je~tN exhausting from rectnng~ular novvIn. Figurv 7 defines the

n egoomoetry and general. Utrim tore of the fTlow. * 'lree dliEfeient regijonsj

art, ich'ntifiTed according to thle ralte Oil dcaPCy Of the0 11a1XI.umI Aet vuloc ity *.

(Soue inserl. in NL igrv 7). In the core flow region, the maxtiium unye .f~ty 1.4

cqiia. to thu jet exit vel~ocity. In tho cha-ractoristic decoy region, Lithe

ft ow isN ful lv turbulent, bu.t the decay ratU of 01 11it e M111unyeio VVity With a Xianl.
dlistancei depends an the nozzle aspiec t ratio All *In Lthe axisynmietrit, decay

r cg on, 01,t he mx i um Velocity dcac,,ys as i (I /Z) , as in no ax isyime trIC T1 Ie V h

VL iou ity prO ff1 , however, is not aixisymmerinc. V inally, thle profilie does

hoceomo axL vinlL!Lr nic inl what haS been1 IlabeILed the( fa..1y al l ymnle 0trJ.C. f.101w

r~ip Ion, Al 1 memtory of' the no v I e shape has then been lost, and tie Ijet s true-

tore- LS a0no4l.0o0119 to 1:hat1 of at hi'i clyevel-oped tixisytlmte tIc. jet .
hn lift .)et VTfOL aircraft, approxinialtely reictangul-ar jkti4 aor generated

pr l11i-tyici by groups11 of lift-.) t engines guome trically clustered together, 'Ilius
a nax imii (if' All 4 is1 Uons iderL;d, I"Or Vonjvel1nience in re lot ing aIih ra r t.

andI ¶u t geoiet rtes , thle no.l e upeet, rtut:i~O i.,4 defi~ned to be greater HU ( tha Li'

wheni Lthe Longp nozz lu d linension IN p erptind icuii r to Lith, a i ur~idt plIaim ii. HNym-4

lietrcv, and Ivss than one when it is piia rul. ije . to the pitiit Of Hi'aIsYinme t.ry Thu Ibs
the M 11 InMum a Hpect rat] io to 1121011 don iclered IN 11)protX 1111;1 L V IN, M( 0.25.

Re fvrenru 5 de ITinus the ecl of ITle roa fcI Low rugilon andic tilL bg n
111lug Of t~he lXIsymmetnriC ca rgi a a11 I'oMtC ion of vam nmpviI'L rot fit.

lDat.;a for 1:h1 end of Lilte CoreV fTlow re*gitin haVe Ii eu tll lo I t. il 1:1-0111 Re-t i-

(tl nFigure H, in a s.f ight: ly differenlt form. FI igurv 8 1.1 so ill L I to[Hdes I ihitI

FrO coin lb t rQeiw 7, wh iLcli e W e.. )1 ccSoU I id Inl Re ftreUl' e 5. I"Or 0 H(11 e iu01-1I 1
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STRUCTURE OF A RECTANGULAR JET
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FIGURE 8
END OF INVISCID CORE REGION FOR RECTANGULAR JETS



(AR~ j u Ithe core niow regiori has beren sihown to terminate ait Z C/= 6.2.

vleof 6 reported by other authors. Although there is considerable data

SL'i't tot, aln trwMIS 1-11e 0ncrl. ILow l ength with 11O'ZZIC 1lHp)Oet ratio is InI-

d I.0ilta td, peakitng at All= 3.*4 11nd HIII)SoqICren11tiy dIoc reaM ng toward,- 6, thc
0

v: iu tiseii to Refvmrouce 6 for two-di mniciuhnIa jteL,4.1 F.111-i' 9 rcpiuat s

tht lVLtkrlg0 0Imp r-cila curve [or (y IT /(,) showrIn fit Fgure- 8, atnd i nd V a Ls tHic

ivpeýIiiioliie of the(ils'eui- (1 ;IXh YTIiLmmt r Ic decaly 011 n(XI 'ils)iT ra:t o.

100- -_ _ _ _ _ _ _ _ _

80 0
S60

N- 0 (ZAOL/Cl

yU 20 -D

((p / Ref, 10 Ref. 112

ou 2.0 0 12.52
0C .4 7.49
'~1.0 11.94

W 1,12 &3.88

0 0 0.? 4.137

40.7
0 circular

0.1 0.2 0.4 0.60.8 1 2 4 6 8 10 20 40 60 80100
Nozzle Asptict Raino, ARi, C'Pfl 0274 34

FIGURE 9
END OF INVISCID CORE AND START OF AXISYMMETRIC DECAY REGION

Thue I)oLndaries c f the var ious jet rtigtoLns dtepicted above aru usuui to

,S till 1. ish rugi; onH for Lthe f ruo-,4.' t untraiInmen1t r'i týs * Re [ret1ne eh itn'j c atS

that thev untra tinment rate for an ARl 10 Jot inlit-ha.3lv Inq 1l p"lier thanl that.

For at c Ircuilir jet, hut aIt the onset. of axi symmatr Ic decaly, the entr'i-ifr ent

F'or rert- tngiil~ar exit nrea Ju ts, two enii rai~nimun Irateeý- arv used,. One Is

VIl IId Ha Llit- c~re I1low rugiotn, anldti ne Is V1 I H .I.i HIit, fill Iv devulopud

turbulent region. in the core flow reglion, It is assunmed thati

RR (/)1
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where ER - entrainment rate for rectangular nozzle

PR - perimeter of rectanguiar noznzlet
E - entratnmont rate for c'ircular o t

For the fully developed turbulent zone, the resutlLs of ReFerence 1 will be

used. Reference 5 shows the mass flow d istrilotcOn for a c .. rcular jet, and

for an aspect rat to 10 rectan gular jet, These data are pllotted i.n

Reterence 5 in Inches downstream of the nozzle ox.t, F.igure .1.0 shows the

same data plottted in Lcrms ci axial disLance no•rmaii zed by ii dlamvt r

df = VR- •

Satisractory correlation is obtained, indicating that for the full.y developed

turbulent region, an entrainment equal to that for a circular Jet whose dia-

meter is given by Equation (5) can be used.

6II

0 ARI, 1,27(Ciicle)

13 AHjF '10

ARjeP b/c 4 e

So o
d f -2 '

2 -0---
0

S4 a 12 16 20

Normalized Axial Distance (z/df)
UP77 0374 11

FIGURE 10
MASS FLOW DISTRIBUTION FOR CIRCULAR AND RECTANGULAR JETS

In order to fully. spec., fy the entrainment distribultion for a ructangto]ar

Lt, t 11. I, ngth ol: Lh,. ciL-1 I :l.ow rueglln muHtL hi3 defi[ied. 'litS 0In hi, a.rl'pl i i Ishld

by the average caUrve in Vigure 8 which is based on the data of Riferencoe 5.

This (urvt! s.-ew, the ] lngt:h o i the core, fl o reg• on• (n1ormat- 1 , by I hV iIozg e

chord c) as a function of nozzle ,ispeCt ratio, for the range of intores t

• ". AR '3.

14
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2.1.5 Exit Velocity Profile - Circulnr jets with non-uniform exit con-

ditions arc, analyzed by defining ecuivn.1 unt uniform Jets. The analogy ha a

been dcsertb•hd in Re Ferenres 8 and 9. Let

••rJ

2•i f pV r dr (6)

.rj
2

;I - 21t p Vj r dr (7)
f

0

where miT and M denote the actual jet mass and momentum fluxes, respectively.

For the non-uniform Jet a reference velocity is chosen, denoted by V8 and

shown in Figure 11. This should he the maximum in the profile, which in most

cases will. also be the centerline velocity. An equivalent jot of radius r

located at a distance Az from the origin on Figure 1I, Is defined. The
a

uquivalent radius and location are chosen such that, fov a uniform velocity

distribution V8 , the equivalent and actual Jets will have the same mass and

momentum fluxes.

VR r

QP'7 0374 37

FIGURE 11
DEFINITION OF EQUIVALENT UNIFORM JET

m 2v I rV) r dr
T Azz

0
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a nd

;1 2 m (pV )Az r dr. (9)

ShInCC 11 nioniu m [111 ii cmflui-vedI illi t ]t) , I' tin oIuI (9)) may bc wr I t n w,

2 ITfr J pV 1  r dr - Iir 02 t2

A moniuntum dis~tortion u:ncfficient 1Is defincd

2 2 2(10)

which~, when tHubs4t1tuted in tho nabve e(I~ation, y Thids

I - A mass~ d~istortion coui'ftcl~mt 18 deftlnod Lis:

VR

and EqUa irtin (8) may thaon hO writ:ten ns :

1 2 Az
r I f

In Refurance.- 8 and 9, the velocit~y p7rofile in the core fl~w regi~on tit f

uni rorm Io Is descr .1bed by an eqtiat ion in troducedi by Warren in Re fvron'ce 101.

2 2

r 2r 2

Rn2 "m I tw c I" v/v r ,. I
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2~ rc + , 15
2 x' A z

I I s 0con t: I Lit Lvi, ;Ili Iil) I I c 11 ocul lt1 riton or A' proiv ided thati L h t i L ciuWl-

docv.tit' r F r, 2 mi dr, C-11 V i' kii own. ill Rot I rncu 10, War rio hinio h Ob~llint! tue(

rt' I it L 10 n, 11ip hI L WOO' I I I ' r 1 1,, anld VFt 01 f i !i So 111 hi ll 01'o LI joL :1 u t f ill)u L t iln eq

t I ont and till cmp I r I ca I vtl I lic ()i L.110 Vddyý Vi 0(114 I ty tt I 00' it inlt U. Till, q-o lilt f oil

Iviado to a comp.1.ica ed, noi-J invar re [at tnorisi Lo utL'wui r / 2' . "lid AV .
III Peorcrunce 8, Witz Ivisa reproesented this, ruiaftioioiip by a plol-ynomial,1., which

alow dW c i~rect ca lcula tion ot' A',v W:It se f-.ýjmijt ti O 1H-

A- r ' 4.05 + 246 2 0 62(6

Ini summary, it oirk'ular11 Ut wil th nn-uniform ex-It velocity han been re-

.).laced by an1 equii~lvant.tint unform vul~oci ty Jet whose exit radiusj Is rvtatud to

LIVIt. Liti 00 rual. jot by Eqluation (i.,and whIose vxit t is dimpi ace.d from Ltue

roin I. Lt i~xi t by an amount gi ven by Rqua 1 ion01 (.1.0) . Thu O~orv HlOW IvlUg ii

ýmd ontrahinment distributtonii discalmon4ec in SEction 2.1.*2 may then be used for

LLi He Licuiva Iont mini form jet., If thu exit ve~loc ity dIi.so I r im~i t1) iii known Ini

dIe'al 1. , tile disto r tion coet'fficients n Iamid 112lll erlcalu--l diiiiCtei If

LOW OX It: V01Ct.V dvcist ribuLt ti on fii nknown, Ruc&,L! u WuL1' 8 cotieI i.ahl caicola L ionm

lit nt and 11 fo r the thin boundar y layer t.~asu arnd for f'.ili v ciovul~opecd -itpe

f I '1W. Tli1080 V,'lilet!I MAtY I-W lSQCd t(1 08imteMV 1 t tio'VVILH it' i ~iL OI(i: profi Ii

diA ort-lit 0.

2.1..6 Vrxit Turbul~ence Intunsity - The experimimeIL1to (I Refernciev /4 ill-

ci uded tHe varintaton ofI turhul- untie tInterimi.t:Y at thivu xit: of at submotlnC 1-

ri ilnozzle. 11hu( rnoF V1tvmi of Hi te axial ViicItl Ly NucitIuiitioi at: time cJ-

win vnrlud rI ron 1.2 to '3.6% of time exit: vololmtILv, witLh 10no meiourahlc'b OffectI

tiJt. 1liilHH R ow cii otrlbutito~ LOUr ion the termiiioiilIOn of the core flow reg ~loti

Tm110 ko itliracv n f ceiv ro riptio nd mci otA'lu.ghp of t~it c. limp IcOx r I tl.1ci ;-low 1.i1itur-

a c L hills W1 w t 11 hii t ho I 1111r rugo l hill o5(C Imo be0 ra L~y ('iiiiaii m cci 11Y LAW h i' t' 011H I Vt'

i-i ~tci y it * (! I ie ) it 1M)l lg)Lt nilMitn. by DOMAWS.1 1 1111~mid Stitctk~il' , 1k t(Vl-Ult :2, TI I'

tLxpIr I fintt il rniaou rUincotolt lPipI) lt 1 in RJ1.01 0 Vi(it 2a .I I OW ill' imp i r Va I ctio InIi-

I Iii ut Limo vt' lint ty , muiiomo tiimfl, nimd nla!-t tni 1111011mtm L iii 1~~ 1*0it.iii 0o1t 0

ti 1HIl I t-it Wit I I )I . tc [i4 I'e lid ivy,' it' Vk try, Hi I I timmif 1 I' I Ot 0 ' Ohl I(Iima Lit
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impitngement. Many of' Lhe~ a pty1orj. ilrslmp~tionhi in Ole~ jvt tifipingement rugion

1u8od in Rel :runce 11. .1 my he ruoiuxod by miaking~ direct use of the tDortialdonn

mid Hneoko r dn1tiAl. As will. bo ilhown in the 1)r,rnniplms fo? I owing, tl'ro-io do lt.

w4ilii. be usod df.rouLIt.y to LuSt-libilih Ilutmun tun ditstt [bu1mt:iumus ,ind stitiagnot I ''Hi lot,

11od fotmnto in hict ilon ill the~ groun~d HtirrihO0 wmul -1 -t fl.owlf.io d. The1 p Ic br ll

iwom011l t`ry (I old 11 mo Lit Lod Inomenoh lIt oIrv Fo r n oh I(d I I (It tiv .1t Im ni) Ie n ti r' ,I town

tin 'ill- 1 2. 'tim vLtow solown in I Fiýire, 1:1 I it; pI th phne (q) 0) ol' thm frt.'r -

1Le muonll VVI.L'ity mnd uoumontom vo'elort-'. I- It;HeL tWhsiit hil ool',io olooItt: I it.'

jo't itillinlgeliullt S agilu til t lonpint. Inl C hu grounld p31-inn

Z .

z

11,? ,t4t

tiFIGUR 1v 2

DEFINITION ~Z OFc NOECATR O FE.E ADJTIMIGMNT GO

Uma (0A 1 goo -- ma00



of many variables including aircraft roll. and pitch angle, nozvl.e vector and

splay angle, and the deflection of the lift jet centurline by cross-winds.
Jet path deflections due to crotis-winds tir, described by a relationshlip pre-

sented in Rvference 12:
IV 2.6

+= t + JJl 0 (7

where L. and 4 are disLances (SLe Figure li-I) which have been nurma.lized by the

Jet diameter, and 0 is the complement of the angle between the jet velocity vec-
0

tor and the freestream velocity vector. This equation has been used with good

results in studies of jet-induced effects in transition flight, (Reference 13).

2.2.2 (round Plane Momentum Distribution - The character of the ground

waIi=JeL flowfield is governed largely by the location of the impinged jet

stagnation ]o ionts and the azimuthal distribution of the impinged jet radial

oinmntnm. Vor normal impingement of circular or nearly circular juts, the

reutl.Ling radial momentum distribution in the wall-let is uniformly distri-

buted about the impingement stagnation point. However, for non-vurtical. .et

impingement, the actual azimuthal distribution of momentum is non-uniform

and heavily biased toward the direction of the horizontal, component of mean

let flow, Very detailed measurements of momentum distributions about

inclined impinging circular jets were accomplished by Donaldson and Snedekur,

11d their emptrical data are shown for two values of I1/1) and two values of

Let impingement angle in Figure 13 *Shown also In Figure 13, are two solid

lines representing analytical corve fits of these data which describe the

momentum distribution about the jets as a function of axlmuthal. angle 4. The

equntLions for f(f) are:

0°o :14' 45°

f(ý) 1.0 + (0.535 cos 4q, + 0.885) -9-0-(1
415. 1!0

45" ,p € < 180"

f(0p) - 7,.17 + +0.3327 2 0 ) +I.3:32,

Thue so I d Itnui in Figure 13 L re shown for (i . 60' Mid 75'. The Iunct Lon

d o rres ind to a value Ilf 1I/1) (of ApjrijWl( t1,l y 7 for

thu cuirrnit stuldT. In the form ilbOve, f(!:I) coWn!;d in . l" ;i. pa iroML't.Ur, 0l1d

19
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FIGURE 13
RADIAL MOMENTUM

I rpinging Jet

voan thus be h 1o Id for any :L nip Ingunmon Lt ng~l . In thIIH StuLdy, MIwN
.1

I bnit I d to aingI OH groa1t lr thitn 60' T 'he do tn of RLeferencei 2 Hhonws that at.

Lt45', Lhero is es~wintioi.ly rio mnomentoni flow on Llhu "hanckl~ide of' the

imip~ ingurnent: reiKhon.

Ti Hhoulcidlie notecd thfi I: he ciam fi t In l'iguro 13 r I d0nifH t ni tv ii coN 44j

belvivior noa~r i) a 0, mid thtit tho momoniotuir lvvo!l on the'' "roni-uildo (4). o

of LhlO Ilhi.0M0111011 t regi on iN rt uiligly s ix cl[mON i H hiplh im th li 'backriidl.!'

() I MOo) f or the I argur .Inipingenent 1: l gi OH ThisH dliffurN1 Hlgiiif iciln LIy

17romi tho simploe !os ( ) 11011000r 11SHIUmd Inl R~u rum c! i .

11,(1111t 1011 (1,) and1 ( 19) 411'( I'uir thIu r iod LI t I Id t t i I ro v Iat : t Iivi v.i' i n k i -

Lim I Ly Inl toagra tvd ma1nivin Lurn 1fl ix hit eqil aJ to L ihe ft r - o tic I d m L(011 nifon101 t: (11

fluax for any Iv atnimp i genmnt onii[a * Thiti W111 110C01`111 IHI I hil y nornmali iving

0i0 in1Cll InIIn(L1 uachI canVV in Figtirc 11I by it own (I tilrn.t Th i o md If id grouind

p,i Liflu- WdlI-sot: .ini Lbia I iialoH~IfLLA1 d INt r lutit101tjH M10 !IN oil aim I

Who0-L Y )no-,
I + 0.11) -L5 ~
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and f (4i) is igiviu0 by Equiltion (4.8) or (1.9). * [o ILnLugt OLud munwritlirn cortcw-

tioni y Im meen to beit f unction ofi imp ingement 1: ngki, I. 0 n.1.y and hocomus

nni' f o I.It, 0

Vo r I t - je'ts of 'x it arL'0 itpoc' r L Io) gri -it Ltur Lt1111 2 in tK1omie g.round

? ITIT ~c wh~ r ýorv' l-ow 1..ý j)1COHC'lt- at: it 1 Impitipn ienwnt owhto , ( Hun Ft gtiCrc

8) , a (+) no1mnol I'm r i i trIbIlL0t 114 H OW11 F-~ItC.11laiCilt I V I F~Ip rt,14

I.fuor Af sholw i l LI IFigu c i it I ti hail-wdti l -IC Ci ~I till) I to r ill I n i) o 11mIl oi Ciiit'Clt. CCIm

baltince hir two-dimensionali vniform LrnpI Oging I etH.

@11

123

0 180)~j 0

FIGURE 14 U1

MOMENTUM FLUX DISTRIBUTION FOR RECTANGULAR NOZZLE JET (AR > 2)
CORE FLOW IMPINGEMENT ON GROUND PLANE

DonoaidHon and Snoclukvi (Hol'ortinct 2) 11dV0Vt utId' I I HICLIl 010 sh I. ft Of i ll!~n

StLC llith 1.00 (Itiot riom the tippirtn'llL I p Il ln'I 1)10,11 i ll ht' i l d Cct lon 41 I180"

In1 the groun~id phi Cliv' Tht1100' r`k1CHi t H IWO' C C'HO Ltid Ill 1' I ,111r I) 1 nr ilrctikir

1~2 .1 I~M I-JLo Fl OW14

A cuvsur Ipi too or Hiv HioW Il hli' Wil 1 -. 1in t. rn 1,1 1 tl l [110 I '41ifc ri t. ofi 1 it.

[r)ivoud ifni [iImC'hH beeni fCorCmiClilL.to tlirigli- 0 Iw i v I-In I HIPI X VitCHl LYL th:mA Iprc

HL- 141tU tillI Rn I'vronnC' 2 Mid ot-it', PoonrL'i'n AH- WooIld hW kjlV'xitVrI il, JI lOW CrI-~iC'-

11tH Ill Lilti iWI I-ll CC m LIV~I 'Itii'i1l. oll till' j~'Iji lilt1I0 H it.Ilk' I VOLn- (It i1N 1t
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FIGURE 15
STAGNATION POINT DISPLACEMENT

Impinging Jet

on tvrm t~he hnpfI.IWOIU01lL I-,1011. ut fute" dovo uprnwunL fl'ol Hm ti. Jt:

wx[Li to tht, gromiid plant!o inntl ho vmtohlleilnhid pricir Lo do fivit ton of' tho %4111I -

I L t I' I OWN, I'll Io H i M o liltM-0 111 I I.H11d ith ough tim, o I O1w roonHt I t-N Iii-owil L d I n

Suc I on !.. U hl n 1.1tot 0011d~itIiotl [or' tho %wfl -,jet; tiowH oirv a mo dtillin-.

(1111t on1 010 lout Il 1'.low (IL t~he ~t' t; of Htiw irnijnlg(1ttwnt rigolton

2*3. 1 i !!ŽŽY.I- Vlc, 0 1tyjnod '11 I oklic's D)1 Htl- Ihutt Ions - Tho. i'tXLonoiwvo

vxpur 1ton~ien Iniijlmt~rvinviti IN d0'ou' rI hdIll RL'I'o rotwo 2 hzvo vHnitibIlltsod LhIo 11o ifii -
llv00 tit L1hL 110n-d itfltIonotiuo oll o V IOCIL p ro[ [Iv Ho own Ili Vipurto Il for i ho Lilt-

hil IonI. wit I 1 -. 11 , t H h I' 14 h ) 1,1Ct V I I L Lu. thtl H111 1 o Lor (l d t .Ili rog lit, ti L wuitW i I I- lu0

rug Ion, ;nod woni ifond to lit ot-unontl(llIY I nol~dt-)~ Ln1t, (11 It tittil 'J) t'Vot f('o 111-

vort'litl lot lfiltýft.It Withi 1*0'0ITrtwI t.0 VIgkI L tru. , lhIt nlt-m~ tt't n

Ipliioll. fH a.in tinitd Lo JLUMrt ho Lho ue rlni bi widtI .1i -lt.or R~ ý:. 1,1 sti~tY (Idy l-
MDIMI V 1, HCOLI til 1t lit 10 I (]Wt 10e 1Id no0 lUL I onoi. folr two-d hwilm I ona' u.1 t 1o 1X ivill

Ithu't~r ic u.1L impini ''omntun doi t (KO ILIrN1iu. 2) lionH Itu'd tO1-0 Ito ~tount. 111t li R 1 1:

about;1 twvtov Hthu ttuitr rod iltn, r I tif V ho 1.1uip11;ll Tl I~ Ll V roeo ' k1 1'( l

I' rumi Flgi ru 4i
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FIGURE 16
NON-DIMENSIONAL WALL-JET VELOCITY PROFILE

'1'.irotigh the kimv of tS'qmi t ion (22) and F 5u ). It / D n fuky hi ohbtained Thu

Irad Lii idil-ft oft 010k ImpfiliucI lvt N agniftion po int, AR1 may Imo nhtidlndc froni

LI vu] tiro I)it it Frunctio (i i1gr ud.1ng)1tiig o t Th N IH itIV11

'I'IUH far. Lhoo g~oilu try oif thu fvoou-ýJ uL atnd groiand radhi Ia Ht tit 1w~ tg i a-

11 In lt Oft the rodbi toIwaI I -, t hilvu huc'a duli .I wd , A rul at. ln f1or N~ and 11 a t

R Him now' rurltilriucI. (suo 1FLMtiur .12.2 F rr ( i bMDHI. turhul unt f' low fluid vil1-
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ThoL 00i111C.ry aind rowi4lltsi of tilL MRIU. Lwi1-dimunm11i01kJ ttLurlml ont H1ftI iwflvd LO01li-
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FIGURE 17
GEOMETRY OF TWO DIMENSIONAL JET IMPINGEMENT

COMPUTATION FOR TURBULENT FLOWFIELD
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FIGURE 
18

NON-DIMENSIONAL WALL JET VELOCITY PROFILE AT EDGE
OF IMPINGEMENT REGION (X FLW)
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EuttLun (24) rohi .. tu> U at tho (p 0 nzI~muthalI mouit ion to the centerl~ine

VLioc' i Ly aIll the Liinip g Jog .10L Mid O lie )ut. iImpIj II~g0MVe. ingle', a1 Excpcr itt10'La hil

ita~irliii~ i RdtLiI iIlHi, cleffle (Aw~ hu.'li~i or of U IIIi t w F.1 j for I)OnvLer-

II 90l' ;

Comb [Iat t it)n of qIFVIitiL-onim (24) and (25)y 'I elds tlr 11>4 Ia8af ic hit tioll c r 4) 11 nd

i I llI IL

ida 121. (27)

IIIIIX
'Vitt! liie1~iirUni1 nlM~ ol: N, roportod Ill RLefeLrVenn Y y L~I )d requif nd hto C r~t Lo hc

N iiLiOlN 0

I' (10 -N, + 0.07 (R - R) (9

Thie vdkI. I'!o Lio Walwl-jol H itboar Iiy or may1ý 11M dtI e C11110. fcoin1 Elit oIItOn (29) 11nd

Fl gtiro I l i t WI Ch ll NIWN (.)lilit

T( cI u C uL1 tIl.V L v ti d tic fipt 1cli01 11 li OI' i I I- I lVL Vt- I OC I Lv V ia M id tItIckmiie H cIf 11-

tir blhcI tIo w , ai re I at fIoni~h-l, p for N I li-i rIr;11i I reLd . T]i Ii I 11 ) th Ii 1110l bY LCII llf; lug 4
t:lhe t I) a I11 M Io hit Wit I 1-.1 VL t IliaiH I I tii Mt R LO tli' LI t il IIiH Il lit 1'0f0c-.10tf At f.

tit- I i' 1g lw t p l ,I . V~ ti f Il

f f)
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,rhia may ihu ria-wr:Ltten

toet Owit lift:LgraI ot' LIIi' jirtit of I Ilit viAliutyI pro'iit i t o n i-t IiII I pti- L JV Ih Ini'

Tfhi'n iiul't Ittitijt 1nv i from Erpiait Ion (26), the fo 1.nowi~ng rewil. L bi ojbta ined

iRT1 N 5 VI t V x

2190,.gj
Y.j' + , 17 0 1. 0. L 4 s/ J

1,51
Lfi

N.5rir 1. 90p, th ad 90" aolI o~aLo td ~ 1v frN

Liiij f ill jot 1i .150

'1hv ruoru, N,1 is ru I altedLO tiltu propelrttIoH 0 ut i 17u fr L - L' t LI Ir1- 0 1 ngIIl n mId

V Lind to the 1111impIlgenLUiv i Ali a,
I'qu 14It 10 11 (22) tiirOU phi (3.1) duICHCHI'le tho goomumory and vol ocit y d [st r' I tin-

th in Ln tilt- Will 1-. t' roion . Al ttiulimigh Ow i to -cknv-is oi tilt. Wa1.1-,jut: rug I onL

IH1 0 1. ii t a fuiklo L ionl o r , tho Vt., o 1 i' I h, I ý' I I f I liuicnoc1 byv (Fqutil toll 26 and

ttOW I!IllI-V , Lii10 tIIILH H O1W rIt'llI ,t1 t i t. wall .1-.ut wit L I. valry Wi t I 'jfo Ilnc i-vortLicl

lot Imphingeuwit 11H (Ii Id u itit 0111tliutnll HiUiX, '11w1 I11LLHH I loW Viltt Wi 11.1 atIH N I ll -

0LOINvlo With Ltil-l the a wi -. juL VntrIlIl.nH 11nih tont F I kiid . Tl In IHW III ho (I NI St'k1HSM

tuirtluor In Suct ion 2.*3.2.

VerIfloiat: oin oLt groidau p hlLwiml W11I-jut f. ILW prIod tIC i Oll I'OHlI I iH N11V li)v 0on

1)l 1, 111 nuec . P I g IIr o Ni NilOWu 111IL' IH~rod vilti c IL oN L ImUIXIIII1 wIiull W 1-10t. Vol' tit, I I., Ui

at Lith' I.mipiniigoment roL on m~itor rnudli n , ,4- aH LoII uL E'LLLfI I-11 E(iII Lt . 1011H ( )

Midl ( h) ,'1'lUiu grVUnutot1 Is mouii to hO Veryt lYo00LI , TItILI I H NiIi )'it tI t I I hIlILL

tOu va IL uv Lir 11 ~ilti R. ilIL- loiii't d 't l - ri ompul utl l l (it' 1 Waill -. 10t OLilt-j I*liiiiiioit

Vt, [OCL II LH
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Dato fror Rafernncit 15m

0,6 -- \

E>

0,4

02

0 0,4 038 1,2 1,6 2.0 2,4 2.8 3,2

R /D je OP 177 0374 21t

FIGURE 19
VARIATION OF MAXIMUM RADIAL VELOCITY WITH RADIAL DISTANCE

VERTICAL JET IMPINGEMENT

2.3.2. Wa.l-,Jet Eritrv:inmen.. - Wall-jet entrainmunt rntes can be obtained

through uHo of the results presented in Section 2.3.1 For wanl-jet_ geometry

and veloctty di.,tributions. The radial wal]-J.et Is a diverging area Ilow,

ai~d sinfe h1. entire. flow occure. In a constaat s tat Lc nres•tsure environrmnlct

severe thInrmnp, of the jet would occur without the thickening effect of mass

untcrdi nment. Equation (29) expresses the growth of the wal.l-jet thic.kness

with radius, R, with Jnltia]. value NS5 at R

The total mass flow in the free-jet can be computed from umpirical data

on muss entrainment inclUdliog density di F uIeincedi bet:ween the Jet and tho

ambrent density. At the imp ingoment point, a mean let dunsity can he com-

puted. L(t th½i mean density nt the impIngement polnt. bC des.! gned as ()

Thtis dens:1ty Is used to determine NSI in Equation (31). lhe tLotti mass F-.ow

il the madi a wo3. ~lcjet in an azimutha1 sector between tlie -ug;1us q) and is

the Iol.l owLn4:

( - ,fi ) , ] r m tf f " L-- ) 11 N5 ( dN) .
}A 0
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using the definition of I attd Equation (27) for the variation of U with
01 max

R, Lhis b,,omes:

-R N R t] d (32)
0 11 A 51 I1: I X

+A

Now UHJIng ELILatiol01 (29) tlaid (26) 1or N5(R) aiid U (j,) ruspe,•tively:

51 IMIIX rl
l. - , 1 ., [ + .07 (It- R(33)

-AB
0.55 + .10 0.4 MIII

The entrained nil betw.en successive radii Bv RHA Inay be uxpresed as fo]lowtlI

i . - l>A) rt _ l~n__ _unt~rai~ned
11'IB A f) (• B in, ( 3 4 )

Sa1 R ir ent

Through the tISe of Equaations (33) and (34), and I succensaive Ao t of colmiputa-
tions along the rl-'. Ra , Che mass flow, entraLned mass, flow, and mean den-

sity of the wall-j]t may he determiner.

The last term in Equation (34) represents the volume flow rato of en-

trained flow per unit aren of rhe wall-jet ,urface. Taking this surface to
be approximately parallel to the ground plane (actually it i1 inclined at an

angle of approximately 40),

"Arfar... RdR dý B 2 (A B OA) (35)

from t'qIuitlon (34)

m In t Itu
-n :t .t vN A . (36)

{om) in inrN lFIqu1i.0'nH (33), ('35) and (36) tHie folllowingp expresqion for V i F3
N

n bL, al n ed

obtained 90n

n.* 14 R. LL5  + Hil -T LI q,---
V @A

N (N A R 'A)PA) (')
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Vor tile Spcia 181 'oe Of Vver L [~i LV m III[ fningeriullL u 90' , E~quation (37)

becornics

0. 1/1 R V I* o. 'i,

N A

T I Ie I III~(, I.i C I I Vnl 111 F I. iS -Ijpr'X 11Int i ly 0.98H. itn

v~~ .075 V 33
VN He B'5 +R ý

2*3 . 3 MILaI.I.I.WuI.1..-Alt Hlmorntiirn .rl1ic azvnut-hal. dl stribut Lon of radialI

wkil-i et TonlentILI Ur uboh ta md at the exit of Lhu Impn iurnxnL ruglon tram thile

resiul.ts preselnted Lu Svetton 2.2-2..2 F lgtll-L' 20 41mwsI t ho rudtial dopoiicleiice of

tho imptlagecl Jet madini 1,,,mun tum, al so frtim Re frurnvu 2. 'Ihea u data t i oar iy

Hilow that wall shiear st ress min be negI. ectoc in the' racl ial dievel]opment: or thle

walt-jets sinoe the raicial. momentum Ls cienr.Iy cons~ervedI through a large range

of' K/1 Phis groatity ti mp.]~e t."u he moolvllag of' the wn11-.) develIopmen t

0 46-, - a -o' 0a

0, Q7. 0I ZZZZZ0
-A it - ) -' Q. -0 -o

Radial Po'ition, R/D1 ,

FIGURE 20
RADIAL MOMENTUM R DEPENDANCIE
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tum diLsributions for all walueiH of radius, R, tip to any wall-Jel; Intura:.hm un

radius,. It should be noted that the data of IFigure 20 nr. lude impingement

angles isi low as 45' wheru thur1 Is esseniiul l.y no momentumn Fl•ux on tht, "hick-

side" o1F thO imp ingemnllt region (,, = 1.80°). M1JthlmtM.itl call.y OxtWrUHmOd, thU

dia (a it l,1gturv 20 Indl. ato tiit

In contrast, EquaL Lon (3-10) of. RLufrenc. 1.1. may he dlfi forentltlid wlth W

r(L,)OeCt to R to yield

S_ 1 Aih cos• (40)

h r R

indicating dependence on R. This is not a radial, decay because of ground wal.]

shear, but t4 a result of the geometric modeling of the jet impingement region

used in Reference 11., This is apparent, since in the modeling of Reference

.11, when nornmil. Jet Impingement occurt, Ali - 0, in which case Equatlon (40)

would indicatet a rad1al dcay of moml;LnurM Ior obli.que Impingunment only. Add i-

tionally, the daia of Reference 2 indicat•e that the height of the wanll-jet

does not vary significantly with azimuthal angle for oblique impingumunt

(Equ, t ion (28)).

The simplifi.cation of the wall-jet Stagnation line computations and the

supply or' momontum to the hases of fountains LhaL ollows from ili vhe Ui of

resUl. ts based on Equaltion (39) as opposed to Equation (40) will. be d.tsct.5sid

in Section 3.0.
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I".

3. VISCOUS FLOWFilI.ID WITHIN Tilt INNER RIWION

An disctussod in Section 2, the accuracy of de'sr.lption and mnodh I Ing

of the V[iscous flow in thc. region be twevn the iundtolarlrfut . of the it.rt rar L

:ind the ground plane has h•oon grntitly enhinC uk1 by tLil -t, XLV'P -v 0XI)ye •xor n t.n1: i.1

study of eIt�t .nit.) ingem n t by Dlona l.d HH o and Snedt,lur, teltf r 'olv t IlhtH I 1 nd

oth0 r data have been employod t.o deflie the pro luert-lot of t.he Ir tt- t M• d ;01

w JLiI- .et formed by t.e flow from any i nd. viv 1 I I Ft -- I ot - it i n . I z t. Ann 1 y! 1H

of a multi-jot VTOL aircraft lift system flowfield requirts a tompl.iete de-

scription of the geometry of the aircraft including individual nozzle vector

and splay angles, aircraft height and orientation (pitch, roll) wit:h respect

to the ground plane, Individual lift-Jet trajectories, and jet impingeniont

points and jet impingement angles on the ground plane, These lgo'metric data

are required for each Jet to enable the appilicationt oit tiu fluid flow modeling

teclniques presented in Section 2,0, After 01e fluid flow properties of v'ch

individual wall-Ji !".'J establIshed, the wal.1.-,iet interaction stagnatlonn lines

are determined from the procedures to be described ia Sectlonsi 3.2 for lilly

two-jet pair and in Section 3.3 [or a 3 or 4 jlet VTOL aircraft multi-jet lift

system. The finnl result of tile stagnation line computatin. procedure provides

inf, rmation on stagnation line locations in the ground pIlane, initial. inutn-

tain flow directions, and momentum flux entering the bases ot' feuntalnin ln-

cated above the stagnation lines.

Theae procedures have been developed for the fl.nwfield within the inner

region between the aircraft under-surface and the ground pilanu, hu ileInner

region is hounded on the sides by geomeotrc p lilenoS nortlla. to the gronl d p1lnn-1

and pitmoing through linits connecting eac,',h paiir of jet impingement potnts on

the ground. The proc~edures devel, oped, howuve r, (Al be c1all-ly cx tend cid Lo

ground u* lane flow regions outside oil the Inner region where foun 11M 1l p Impnge-

ment on aircraft undersurfaccis c .an also oc.cur and procltL[e .lon is (i0 tit, IL 'r-

[ raro.

3,1 A1 rrari",. Jeoit, and Croutid Pla.ne ,eomot .ry

The initial airframe geometry, al rcratt orientntion, and hieight abVuu

grrntnd mtisit, of. coutwse, be spc,ýifted or knlown by tiho lltor Lto im I) L'OW'nt- t01V

prediL'.tion methodology. A three v.iw drawing of tile iirc Part inc1uding no ,-

zl. , goom .-:'try and nozzle center of rotation o " v0 ect0:t-iO og LVitV'- lj1W tLi('t 1h ijlla d

rittcr1nft center of gravity lucati.on is helpful for this purpo-,, ILt Is Import.-

ant that. a consitLent right hninded Hy• t t (f rO thd IMn ttS bi , tlHOd ir, 01V0 :i l-

fIrame quch as the ,onvun ional Fti.selnge Station (x), lo oot i. a1t, ( ), H to r li t ,
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A mathemiatical procadure has been devuloped to determine the intermection

points of the free- jet centeri Inom wi~th tho ground planu, for an arbitrarily

oriont ed I I[ rc (It nt'V, [no ci (.1 ag til e F ffuctS of mnd .v idua]. Jet dufltec Lion, 'PhIis
procoietire i n lildes the ar e mA Of' CrUHH-r) Oi Vo o iV free-inL 1111t01 d u .I en Lion

and thi cor rospoani 111 11 1implnigoiiti L pa1 at~ Th * n litwoi~ i rwnit;t L tn i~r dth

provudorv U4 di anni hod InI Append inna I mid I I ,A noiipatir proagrami tiills IeLn

w' itttn til o crl'IY uat. (tie toli a o nd io-t)L4 Iw ii ct',kcc ooit Im or ("i

V 1 I 'I'll. rv(Iti Ired gJoometriLL J1LLpt-ia Lo thLe progritm arL!:

1.. Ai~rcraftL rufurtince e. g. 1. walt~on - 1V'uselnpu Station (B.S. utt Line

( ki.) nd WaLe lne (W.L1. )

2. Number (-It jots (it maximum of four)

3. (Inord imitu(m (r.S., 11.1,, W.L, ) for the cunter of thrust of each

4. Vetoring angleU 1sp1lay anglo, Jet vulocity, and Jut diamater for each
noxzlu

J. Al mc~r, ft pi1tchm, roll , and yaw tingi us; height: of the ro ferunnev c*g.

iibove groond; and freeca trean veloc ity.

The ji'ograni outputs thle 'ent~ce Of Lhrus~t coord natem , thrust yen tar cnomponents ,

j L t imp iti~geten c pn ints , and ject Iump Ii geiene t Lnngle conpieumeil L H , 0 1 1. I for encud
to at grounid-Fixed C0a1rdinaite mys Lcim whose or1igin 1liia direut~ly below the air-

eral I; L Cg a g ti WhO iO ,ZAXiN isi aligned with the cross-flow velocity vector,
The lot. imp lngivio~nl: itngle comnpi umni~LH aire 1e f'laud by the vector tangent to

0(111 C tlo path at Its point of intersect ion With tile groond, and the normal

von tot' to Olhe gr ound plane. Tihe a hioL.L at nglea Ii. n the groundc pl]anve (00 to

:3600) of thu in tursec t on with thle g-ound p lanu of it planle normal t~o tile

ground planu and e~Ion inilug the t ongent to thle liuti. pa Lii at itsa in tars nt:ion

Wi bth li0 grad idta IS NINO 140 lt~iut * Thii 4 angile, y ,, de FineN the ne~gativV Of thle

directLion ina th' tiroiinc planne or tho proj ectilon of thv hor izoititi ('OifpIonioL 0 r

Jet ye ion Ity In the gvounid plajne, Ttulo In to rn deC invs tue 4' - .1800ci' dll'v-

L ion For eca.h Jut iimphi agen n t regfon in the ground plJane ooordilao ' v Ht nimm,

At the Imin31gemelnt po in ta i-i Ci~l grouind p' nIo, at bui~dto pola hi oo ndhl~iat

syftLolil 114 tHed to do [hI4.1 tite prOperIe--1S Of tho w~il -. jvta ohm-t umdim t-itipinge-

mealt. point. ats shmowi n III Perv 12.2 rmiHi It., Lhme 10011111, (1) H.svm ti.iio Cocit-d

.lnmttca WtIch e6p ily Liuolc .ni-mad ml wa I l-Juc

3. ~ ~ ~ ~ ~ ~ ~ o 2t Pjaimmo tin Th'i~i~~ij n Wall.-Juts

Thie ('ompuit..i t.1cii ofi tim Wiaggalit l oln I[IV Ill M It I on h bt-MILM it 1111 Of flmir-

itu Llgw .- et aiinmp . idLimiiitImcIIi) I i.o nLIi on cfit coat 'o I -vo I nilo

flii nt~lIl ilf bahm Oi~'c ii O it d iffll iisit til 01[mfu 'it OL ' lie tagynut Ion I Ink'* HOLMe Will
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fluxes unturing Ltew cont rol Ivottlluni are rvl Laud to the Imp ingenri~ot region e3xit

mmnet~ittm distr tbutions for cacti .1vt ~aH ihown In F':i~gtlrc 1.3 and the aiugufiri sec-

tor omaitinat r rom tondi let imp Ingvniont puint that i nh stihtndcd by the dif fer-

vi111a IA IHtilgia I. ioi 1.A.iiuHomli The r'imid t: lIs an c'qut inton 'r ithe m.1 ne of

ttu HVagnilLIion 1111 11t: all ay pa hit In (hu gromnd wal et l owf vIdi Ti* he. stg-

nVLAt io Ihi tnt I o ~ttrminud by it ýitLepwk I Oart Iiing pr0CVHH ~u II ogII HIPHL' Compuilt-ctd

HiI010H . A Hmu cii' dtwt IIomltiiit :l Lho tilopt (tif.1, lit' y b1 uuliguit ion I 111L b.*twtul

4Wil at'l It rary. wai ll~ anld a un1it ri riuno Ioid cvst--I low Ims hovii ar~omup Ili-udid

3.2,1 iDevelLopmeint of the SIgnatioin Lint' S.Ippv aE!ItiCLI - The filomwnLum

Imhni~tci for theo deturmnuitui on of tluo lnca1 titanLation J:Ltec 4iiope i.s rppl~iatI

to thu ' oiommita 1. cont rol vo ~ktime l.11iLte ground p.in~iio mhcwn in Fi'gtuir 21.

The conmer1vatIion of mnomentum normall. to the Htagilat ion line for Lthe cnntro~l

volutmeiniv1 t~he a h~uncu of iny p rosmuru~ andI vtHonms roreH im thu fouilowing-

g*UN LI A') o(41)

3
)TA7 2

2 Voloumo

L1Lj

FIGURE 21 ST NAINLE

MOMENTUM BALANCE

Ii atu~ i lo l 2I of 1 thu v oti Iro I volIumen artV ('1)O1uj jn-; u I t h cdi ii
vcI' 4) I LV v v t. Li (1-H, andlfl II, I nih) tlit' iJ i VIdn 11 1\1l j i t u iguiuu p itH
Assmfnlru, no him hin wal 1-jot: radial 11iuo,11im'nta wiL1h l1Ohi'ii'loul aLIuN R
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for each wall-jet based on the oaxperimentnl results shown in Figure 20 (or

;is expressed by Equat ion (39)), th Ie tloniuttum nl Ux for ,cl ,(I I tr unlf (,•rnt I alI

soc'to r [Ls

Hl q' i•i 'L**.' (4 2)
11 tlR R, 1 1 d N y ¥A F ((I) .) ;I l

whert, N is the diLstance normal to the ground p1lane. Applying Eq,,uaion (41)

to the control volumo (l1giture 21), and uNing the NacL that no flow occur"

Ohrough control volumu sidem 3 and 4, thu following resulIt .ý obLtained

U 2 R t41n (0 - 1'dNR1I
2

J URi R] h ( •'~t~~

f 12 It2 H11n (@21 - u) 32 1 dN (43)

wher , anrg1.e are NI'rLhir deftnulaud in Vigure ',22

R2 ao@2 0
On (@ý o)

RIGURE 22 ' A,

WALL-JET INTERACTION GEOMETRY
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Substituting Equation (42.) into the above res~ult, the following is obtainsda

Frtomn the gL'Llnivtry aliown 11 I Iur 22, OIL fk I- t oi hitg 1'4 (il~t n i O-d

LI~ V, Hn o12

R (4 h)

I. R

Y 
2

(46)

Nthu ct-rLic ~ gom tndic mu n tttitiaon u ctire imd ri-mn th e LWC c'n t r i inj.si Ii1ur 2n.I '1.

~oti~ thu iu im n uion poot A wh (47)C)txru td oiic
v~ ~ ~~d tdt~ +.t~tipiiuin cou I,.x com ni4 tr t~ waaI pIrt,~ t

Thu~ ~~ I YA2n [io 1 i 2 -Y Ittono r I n iii I'lli ot ~td ~I UewIH

marchm itn te p V r t ile f bi anit tat Lhe 4 pdn whreC. th 1.1 Lam I)il I too 1 lth o a itI111

t hi Imu r Oil ~le ti'Iu imng metpoinLuntc W10t O 0o In ta, L b I cm ont to Li, 1 i-.

rod il 11 andi 141).18 showni In VI'gurvc 212 art, r -I It: ILI LI I'0 tOlliW8

I3



R M~y f,4)

Th Is Wd ImY nbV O ti I lit'd I -onm L~di InMI (40) by Ho t I Ilig uI' 0 mid .n Ii

thait vrilklat. lon. P or lonrona lo ~t Inl nupf i n~tift0lI, El~wL loll IJI'J) H1111u) I I I 1in i

A c' iomp.itaionnil p rogvam ham bVVo wr 1.11 ol It d t~urmirc 00hun~ord innte of I hu

NLtIgnilLilo ii noi ar4 doic'rininL'd througih the mio 1utIor noR f Eqlust Limi (47) , (48)

and (4 9) The wm''olnlvn Of LlhiR procedure mid the Imp. iviunviotioi of' Lth pro-
cums For mult i-lo t'rw o1uMINdIoMo ot her in St otio 3.i 3

3.*2.*2 WimiI. I-,It Patr SWILIILnot Line lno hiot loon - S tognal i.on I too No 1 o-

t lonum obtainemd thiroughi "ohot on of Equittionnm (47), (48) and (49Y) aire pri-i.mL'o

-In I" igliroN 23 th lrough 25, F'igtirv 23 mhows thew rokuo I to f m piiriunu Iric vitr ini-

L101oI of OIL tlio ±01odti on ofi W:I11-.jUtN formed by VWo Vo r ti ca 3ot N o)f v or lotN

momentum ra tios.* Shomi~ iidl o in F'igureo 21 mre o gnatii~fot -line A011I ILOns for

1000-VetL .L~l ho i t cquil Jil j imp ingmoit.o I anlu~H1 of i 759 and 60' for .'1otm of

ecoild1 momentum. Note tho t the rauolIAN Nhown ini Figure 23 airm mhown for tIv

tippeor righit: hand qmindran t oily , mid Liaht the ord ±04 to Nci: 0.u I N 1!ompr us vd by

a ril(m. to%* ofwo.

T'he N Luna bill Line ipit toun f'or mol IA-.Jot hihiloaot ions wav hit nht:a m~d

f'rom ruoit~ nti Mo oan mhnwn in Figtire 23 I.y Npprryr-iav t lxwnt ion, rotiabirlo,

iind napp IviLouon or' [oR Oicid r il.c(I of ~y moo try to hi1d vidwi h11 Ict. Iml~ * N t11kili-

tlon 1ino mol ut aios. For exnrmpi u, n famil~y of' wtogi~iation 11.11viioi utions forAI;

it four Jot arrani gemnit Is shIowni In F'igur o 24,* Tiomo. WUr V oliN 1: vuC Led F rom0

00 rlVC-! NO I 10 Lud I'rmin F' ItLir'Ll 21.* IjkLh wl e~., Fl[gur c 5 p IL'miiit.H N 0 wO II -Ii

tn o nr Iinttn N tO gna I Iot lineo Nil to n~ 'or a. t hrev. lot: 0rrmiguent. wit-h t he

two afll; JuLie h1.1! v II[A[g 011L ho f tow jet: 'iiorntu (i 01f thow forward .;L Of (Il

jin .'ru Impiriging i.'t toli

l,'Igtirv 2hu mhOWS 11 COnoor (Non of compotv mci d 13oao,4urod e Htogmntinn II 1IlL-

I ncntlonm4i Ior '! tWi-,j u. polt i -. '11 v eXpeortmootdl i I I(11 .1 W r v ob~a I (nIodt1.141 ti 1'.

of it McOmionn.lI Al''irrrift (Covlp111,i yl'alnIl N ton0 DVI~oIi 110111. i i noi nr

dc-vulIopinont p rilgoo Cl ltAD),
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FIGURE 25
STAGNATION LINES FOR 3-JET ARRANGEMENT
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FIGURE 26
COMPARISON OF MEASURED AND PRLDICTED NALL3JET STAGNATION LINES
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3.2.3 Loq PILction of Fountnin Flow Above Stagnatiun Line - An

estimate of local fo ntain flow direction directly above each point on the

P stagnation line may be obtained through further alnrumpt.lon of consurvat'ion

riF monwint:un withoutt vict IU1J M io UH I] n the turnt11R rogion at vach point on Owit4

s withLiiitI.on I nu'. (.,nHider the itagnatlo•'on I nL gcn.i, 1Lry ond moml it in Rlux

dt,'ompoj it tl 81howt0 In IP ,gre. 27. The locn i fountain I'low p1•ne Hiihowr hi

li' gure 2?7 iH $Hunitd to be perpulndIcular to tho ground plot'nu, fluro t[I e mument-

um flux incident on it stagnation linu eugmllL Itru waon f wi.-JL number 2, H

iti resolved into components normal to and tangent -to the stagnation line saog-

ment. If ft. is assumed that the vertical momentum flux In the fountain from

wall-jt 2, ,NZIs equal in mognitude to MN2 and that the tangential com-
ponent of momentum flux in the fountain from wall-jet 2, ApT2 IN equal in

magnitude to M 2 - the angle K2 11 defined as shown in Figure 27 and may ho

found to be geomutr, rally equal to 2- 0

9, .

Plans Containing

1, X2 Stgnatnd xF Lkn, (x~y) .

KAFT2" K2

lhn• V• (x,y), ,,424
(�I1Jut 2 irnplnuement Point

Jin I Impingnmemit Poit

FIGURE 27 .l,
RADIAL WALL.JET AND FOUNTAIN MOMENTUM RELATIONSHIP
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and I 1. Ikowb fH o r t I v ' l ow f rom wa I I) t I,

a - (52)

For Ht , t toa w d.* ofI t li Ii mIli i Ill

m +M M *2M (53)FNTOT1 F'NI FN2 V

mFIT' ~'r. + "FTl2 ('54)

T'he anig.I -LH d~f inid rot* Hivi I' ulut in,st

ton : -~~lNTOr T~

Th'Irough mimti~bt .tut: Ior Equati ons (5¶~3) and (")4) hItot Vqmait ia (r)) tLhorv

resNu~l ts

2 M FN
tall k' .-; # ( 9o)

F v. +

dv I (I 1nv, t hrou gh by MFN
INI

tO , M .--±-;- (57)

- + -

flow, uiHInk, tIILI Aiogl IC V1 aidC P , hV 11h0Ov hVIec1OHlI

II

11a all 0'hta~~ltIo EI~I

I)r()L'.CH l)QhWentof he waI 1- OLH And 011011 HMIVk Or t110 I' ~iita I, retLiti Linog In a

MiXLIC aind IV(.ralgL-(l VL1OIVrCLt1w voviia'ILy witHin hiv '. liita in I I.Mt~ I tho aiglg

In Eq wat h'n~l (55) LSi WO ~uncl to rtpir(Ht'nt tho Coantva[ii Vt, 1ov it omIponh.i~t

rat to ns wt'I I am~ the "1MomontM (nJMI)MINIhL 'ithla. to* Ihi'rc fort
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i-9.
VFNtar) •F NTOT 2 (59) •,'•

•" VFI! = ..,•:•FT'•OT c(•t •1. + e, ot • .!•

.:•

The l.oc.a.[ slope t•[ the Hl-alll;.ll:Jon ].l)lu Ill the grnund pl.nne) O, /.lIld •

the mw, le vF [hc, II d•)tt.rlll[llt, [hi! l()cnl [i[F(.[,tl,,l] or the upwnld fl,•w In tim ,!

iOlll11::IJn •)bnvQ (•q•.'h pn-lnl, ou the stq•llnF.[Oll l. lne il,'• ,£howrl III FIFure 27.

t, 2. i• .St•kt..l•Lt£ l•jli•!_,Sl!>.£L•L l.'!,itU.OiL•• j•!!.L..:•I!,jI!jL..•_¢.,L!J-..!Lt. !,•1 J)j!L!]LL•!!.

Cros•-F.l.ow Intmractton - The theoretLcal dew'lepment- presented in SectJan

3.2.l has been modified for the determination ol t'he Iota] slope or the stag-

natlLm line |.n the rel;l.on o[ [nteracl:inn of n sinF,.I.e wall-Jet and Jl uniform

cross-i:lo\q. A diagr4m l, rusentlnF, tile geometry c)l" tills l•terac'tlon i. the

ground plane and the nLce.•sary nomenclature [s presented [.n Figure 28.

0' • 0 ,/ / x, Y Coordinates Lie
/

in Oroulbd Plane

Line • (w, ¥}
/ / dY=rlk6inO

I,-.
d• / "0•i

dY d•

eros', d•l -- (.iVFi0w '. •'RS.. .,_.4

Y .. ... ..

'- L ,/z
,3•c (')I• Mj

:)Y Flow Momentum - FI¢' n

Flux per Unit
Length in Y
Diectiun

FIGURE 28
iNTERACTION GEOMETRY • RADIAL WALL-JET AND UNIFORM CROSS-FLOW

A uont:ro[ vnlume enelostn• the dt•ferentlal l.l.nc, seF•menL) d£, l.s used

t:• •)pplv Lhe laws of ('.onserw.•tion ot: IllO•lelltt|nl In :| direct, l.on i)erpendl,,ul•H"

t• t-he 1Lm, ,,:,.,)%menu in the •;round (x, y) p.l.m•:. As in tile ease o[: two rnd[:•l

wnl I--.}tttH, the resultln• expre,•s[on [,,4 411 eqtlat.ton t'nr the' slope of the ![nu

41 • j
'. '".•k. ::. •'.,•i "' ,- ,., :,'¢'
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segment, d4, in the x, y, plane. The momentum distribution In the radial.

wal.-jet in defined ident.teal.ly as it was for the two wall-jet interation

case. The. new physical quantity reqjuired ts the momenLum flux prcr unit

I ength (I n t.n y direct..lon) o•F thIuI-L cro, s-•-low.

A long thv x nxis In U Lgu.ru 28, wheru t hl axis Is chos en pnral I1 I. to the

ort ss-ft.ow direct oin, tLII pt vie-trt I on o)f thII rad III I wn..l -. It Into tLhe! c ross-

I'o w I i O 'W I V 011 liy tI e II Nig)ii f ti d tI (o F t Iei W i I i- . vt { I'(. i . R 4 1i

'YA f n

2 7t a"Y-

.,lhtch for a verticall.y impinging let becomes

R .. (6.1)

2ir

Through the use of Eq-.tntion (60) or (61), the locat ion ol thu stognfoli.ne

as it crosses the "x" aXLt may b]e foaLnId. The general equation for the H,1 opt

of the stagnation .1in, Is tlie fol.lowing:

taln + 0 c (r 2)
tan = 1+ ii ccIS •"

whe r.

fll i ty i 0(63)

These equations have the same general form as the corresponding equations for

a pair of intersecting rldial wall-iets, The solution of the e~quation follows

the same p.oceduro 1s for the intersct Lug wall -Jets which has been described

previously,

I'lc pra-t ical diffiu lty in tLhe application of theI M)ove lI-0411 t LL

cross-flow!radlal wi..1-JUet intteraCt ions Is Liit determination of tHe quant111ty

t, /< Y , The difficulty lies in dceterminatIon of bow much momentum in the1

vertical direction. (normal to the ground plane) should be includod in the

momentum derrivative, MathematIca'illy:

U dN '

', ,
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I~t Im recommended that until. perti-nent empirictil verifiCatiOn data art. ohl-
ta ined , N lie taken to lie Licluni to the value of N C.,Omputed for the radial

wall-jct flow (Equation (30)). Bcauisc of t~ho unrertninty involved in defini-

t ion of the curnos-flow moinontturnmn tigntud , tMe wtagnat ion 11n ;nl 01ut ion fori

theO wall -1 et / cross- flow Iierarc t iolu 1h11 not: beeni I ticlud ed in thu, grouind flIow-Y

HO 001id1IMpuer progrom.

*I. I G IUI!LLuL [ion o %t:LjU~jlL 10 1 (1 ,1114 f 1 'VIll*rti-0 I lotir I- JU IIl Owl' Ii L'(I

iho rorpftat. E.on of Wit I I -.J(L t Lu.i,nu14t ion0 11 t Iu I1 MI n gi rotind F1 owl! I eI (

I)olI ow a litiI I: f-.1 t. ViOl, H IN rrauit is oromp 1 sI hit-I f rom tI w i- o I I.H () ol C I)I I ta -

I tonH between pairH oif int~eracting wal l-jeti, . The fouintainH formed 11b3Ve!

the H Lignation lineas are kismunied to convect the interanting f2.owH upward and

away frmtagon ufc Itrcforu preventing Hcthe in~utu. interaction o f

any more thacn two wail-jets on nny stagnnt-icn line. At points in the flow-

field where two or more stagnation linesi Intersect, Uhu fountain flows from
more than one jet pair wil.1 interact forming what has licen called a central

foutn ti 1. 11, h10wVer, this in teraction takesi p laoe above the gr: .und pliule .'nd

j.ofeecrsi on.ly i-it i "point" 'in the ground plane Fiurfnoce. The fouintains formed

tabovL, thle stagnationl lines are three dicuensional unletss the ground Htagnation
line is a straight line, If the ground stagnation line is straight, the foun-
tain velocity vectors lie in a common plane, but are diverging is nitture forming

a " fan", Fountain flows will be di~cussed in detail, in Section 5 and 6 of this report.

3. *l 3 Ou omltjry for Th ree or Four Jet S tignutl Eon 1,ine Comp Utatioin - Ivor

the three, or fouor Jet coo e, the reSUltH of' Section 3.2.1 are app lied to ench1

wall -Itit pair. The grouind plane geometry req~uir ed is defined in Fivgure 29.

4Here the ground pilane referenice, coordinate nystem is demignat-ed am XOP, YOP

whero the X01, axis io al igned with the direc tion of the froe-Fitreamn or crouH-

wind vel~ocity directioni. The locat ion of the imp lnguemcnt points XOPNI YOIIN

where N is the jut number fire obtaine41 dirccrtly. fromt tho ruorul t doescribed in

Secjti'on 1. 1 and Append iucs I and 11'.. A o tro lhtli 1ne iN tiIcto (.on1Strue kted hel-

twutin each pair of imipingement po lots forming a t riangular or qiuadri lateral.

as shown It' FE gore 29. The angi es N' of each li1ne Johiin4 thw pciirs of

impIingerient: p,~ilints aire tcrmui determineod The angles'4 w'N' munst lit det en [nedI
in the abso lut-. sonse from 0 to 3f0* wi~l ti -i 10 taken conve.nt I ona i y al ong

the +XOP axvis and +W measNured coon ter-c 10(7kwisu froml t ha ri~ferenco po s t ion.

The seLne ovt)f L!ath I I m raight l ine jottin lg tue Jet impin1geLMenV I-) 'In L pa Er-HE

taken to the order of the numher ing of tho lekt 1-impingemiuti po-ints. Po r

exlimp' u o, the l ine Jiniiing Imnp in gtencot po hints .1 o nr 2 fil, Figtire 29 haH nHsc

I. it L M w I Lii it oin w.d irecct I on o f f;I Ig I t ly morec t iitan 90' , a nd .1 .ii1i. t0 IHe0L1

ViI jut of , loH fil 1'igtly Iess 01h11 '160'
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4 Jet Impingernent PointLocations In Ground Plane
x~pl YONXOPN, YOPN

1-RFitXOP4, YON4

H22

FIGURE 291
COMPUTATION OF STAGNATION LINESj

The 1.nd iVI.[dual. mtagnultionn itne Noiutiowi tire then Computed for unch wE] 1.-

.l et pair in the dou~hteli-p] ar coordinn to msy~toni t~hown in Figure 22.* ThvL rv-

suilHt of thcHe computationnr, wh luli dvturminu the coordimltitu or thie Ntagwition

1inem I~n tile 1ounit p0 for sy~titu , iru then t ranstormcid to the XCI', VOP ground

plativ reference Nys ter thl-Oiti the ume or- thu anghili w Ni the loonil pol~ar

LOoord inn tvN R, and thil eILL impingement point cuord inn toN, XOPN , YOPN.

IWaVh N tugniation line IN vomputed in thle po~ it ivc' men~ or 4) thereby deter-

Minlfing thu porttion oF tlic' N tagna ion line [n the inner region.* S tigna t inil

linc (eit ofN yrmotry'' (purpvnd {i'ulhtr hist-c tors of the 11no joining Hthi jet

Imphingomiuillt point palir.4) MUSLlt!h dutornlitnod Hopimraloly sJniwc, Inl thl- N

Lim H.' aind Erpuv ion (47 ) is s1i g]u.1it or Nilvu the doneimino tor ml thev right

han~d HII Lu of tho eqwi tion heunornu XVI'o *

3,3. 2 Ro tolion.11 (11 llsi~h 1`10nentmmnDi C :r I ut 'io.Ll fýUl) - 1.11 thut ('0flipoLn-

L ion a tit'Lh wu I -lvt pa ir N tagmiiiiton I111 NOu Hi th'ens, thu I 10t ilPI] ('011L-d

lwot]' 5;'H turnIt, 1j'Will 110Ot 0Iwaym rust.1Ail. In orl untnt kin soeh that: , - 0I

Lin tho ditroc't Ion 4 1 as0il dofined for vooeh let.[i Implgorwillt point. Ill thIoso
I (505 th onti orrotaltion o~f thu mtounontutn (i h14t ribuit i.0n r(p) asN 8hown i

''Igi.10, 111UH bV Un t LI I IXOd InlIl tr '1(0, tho anglou, dw-ior I had hin SectionI

').I ve~t]lh I iIllil th pra ¶i'rt 111id' Lluii diroot iimi ()f' the negiltle tio t' jot moanl
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•T ~IF 0 ýi, 1800, 11) - 3500 - 0

Local Momentum Is Obtained

SFlow Meat Ve or I ocit

Thrust (No CrossrFlow)

S+180° M30--

Jet Flow Mean Velocity
Component Projected

In Ground Plane

FIGURE 30

ROTATION OF MOMENTUM DISTRIBUTION f(@)

vuloclity .in thO gtround plane. 'hJ.m corresponds to the projection of th0

thrutit vctLor in the ground plane if there is no cross-flow, The negative

Y direction tOw'n corresponds to the direction in whh i c 0. Tiho ý used to

detLrmino tOv momuntum flux distribution f(,) from Figure 1.3 is then givon by

thue kill.owrng (f1vom Vigure 30)1

S" +.l8fn-M 3r6o°--'I (65)

whun 4 1.80*, 4 - 360' - F, und the lonal, momentum fltux iH obtained from

,lqun t ton (18) or (19) as f7(ý) or (4)) accordingly.

3.3.3 Determination of Wall-Jet Momontum Flux tnite. I aHi lao of i

iuntd'i-- ...A ? tugnit ton i:inv pattern for n typt, ail Four .}Lt vnv kr ithown

Hc i,"mnt: tc'1llyV in Figure 31, The total momentum flux to the basme of the foun-

Loin lOLrt,,d ahovo a stagitvaton line segment mhtl ON A-IS in Figure 31, IN

obtainud by Lntegrnting the momuntum flux in a sector subtendod by the aui1g1.

tA and ,i alo shown in V-Lguro 31, Theo geomtry 1tN defined by thuv appro-

prirtrt' vwiltii of coordl.natus of thu poi.ntH A and IS is dotcrrminLod by the stag-
mt lton lint! l oluiiion for wal.l.-J(,t 2 and 3.
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20

;1;

2 nO 02A3'

I 1whae cita f hree anofti momentwonteri ng the marei' t rnr founti[en bnee, fur eth

The [ugiln t point paL. r far thu iant RO'creaau 11ne lan It momenVterm flu natIaI0 a11
ReL tei'tieH Or *throug the fure ju F ELHAl t: Ian ( ) Wtheear 1'Ht-aCte HatV fuaeli t
pa it i n, of lin-e H ntval. jet imi ngie mNgient, i the r iiaiiil W1 I-11 Mliii i'. nu '11ec X I re

dell~nd~nt on thu. loa.rdtsR bu h mtnlmn o . Thi 1.4I-t



the &ingil e in Equat~ion (66) Is~ relate~d to the angle ý2' through the use of
E'cqtwthia (6)) appi [od ait Impingemewnt na IA t nuimber three, ie

4 + IMO0 - M1 3600- (07)

Tl~t, tmn'm~IhIit. onl () tilt niomeuttntiml flx gl(I II vvii in qlntion (06 ) requltreo4 va11 wes

11 rl tIieL1 t: iIIg lAuH Ill OIL IO 6 oc 'ii k l Wl A'.j, (Ilc ly, mIIId doei(-i j~ (in ) 1( d t )pIid 1. lit'

vaniw. (if the 1ocal. radius R &nhoul: tha Iotcal impingument point.* This In it
directt reflUlt Of the indepanendon~ of widi.-Jet radial. momentum from lucal

radiusH IbOWA thlt, jet. imp ingement point (Stle VigUre 20).
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4o* CALCUJLATION 01F THE1 ]ND1)U1001) FLOW FTlRLD

Por it VTOL. vnan17igtra LIo lit h vur , Ow m nmH e nt ra inncnt a f Lit(., rrvv-u- LN

Mnd Will- t I I -, nH.jdUOF ciii an L .or na I I' tow fle ld sci~r rounding the n Ircraft . liv-

CacOt' ilit'I 1(ithidi'd f 1L0 Id 18L' H0 t bIllyI I Y icmr~ tlb Va, hivitvt 1A, and Ir rotit-

1 101161,I1pitt-1L.111 a H IIOW L1101iy Van ri vito em lo(ytt Loc calt-wi~l ! a H ILL rutitiu Iant.
fotot, ;In ild mnmc'n it Ns

TI ILi I) ur L t vIuic L flIow liti IiidIaIrie U rch .II I I. k 14 atI- cI I, 1,1 1 - 2 .* ( I i ird-I

atnve withl the mfithodologien 01f the precedling sectioniN, the geometry find maNs

ent-ralornmnt rilttu 17ar both free and wail.-,jets can 'be calcu.1latd, For npp~li-

cntton Lo po tentila,!. P'ow theory , the d istribut ion of 17 ilui entrainment rintuN

provildes prerccrihad normal veloc-itty boundary condlitonN on the jet miar17ncc'9
NLmutiltanneoti boundary condtit oon For thu aircraft aire obtained c.or romp ond ing

to N71ow tangucy~ rourlul eintiN on al tio A.! d Nur 1711i!N The Luximptiot d ImNtrIhiu-

L.ion (if Notimann nornual va Inc .ty linunchiry cond it ioivi; im Hibuorut ica.! ly w~uf 171-

c'iean t to dletermi ne the vtitir it nduceLd f7low 17k Id, Inultiadinop, thea 0 rcrnf ii 7 P 4-

Hc re distrit r thution.I ~ ~~~Thei Doug iON Netwantn TbruL~11hh a.Pot entital F 1.ucw Computer Pr ograim
(Ro~ference .16f) wan soleul~ced caH the fundumontal. tool. for oa1 cubtating the in-

dIiL oli [Al1d Suct ion 4.*1. Icr luf y descr ibes the progrnm tind explaiinm thyv

motiviiiion for ILtS Hlection. Program modificationti which till.1red theU U)OugbnaI

Noinivian muthioci to VTlOL tipp1 Lotions nrce clemuilcrktd in Sticnt Iio 4.*2. '1. a d dA -

H .c~n ito al. lowing for arbitrary Nuiumiann houndaory vond iL Ii, , thesta modi117ica-

LI111 FlinjNimp I y ciwar hnpul; r0 ocpiL r anMhIL an od p ra Id L'ý Inc rva 'd ilo IiVrCVci and

171 I Iany cir ca 7[ua oawithi wail..1-) atm, See t no 4.*3 ý' romNIL nth N W 'v

sultH of numerical experimentation conducted Lo r.iAtnbl.:1aih pirogram ueai guide-

11IU ioca V ri~et-.ioduc ad fl1ow prob .Iumn.

A dotn'tod I ciuNort n manual for the mod i fid p ingrnm has bevin writLoui (5 fat--

une17). I1'ha manual cotittiL.IN conip I La LnpiitLnstruIC' tIHn for Oth, program

1I..Ip1 141$ NamI. ci hiplItL/L)Lltptlt for ii aiimpt ic hat I I l.u~t ni ii ty e I' vilb

4.1 Thoc lDoU~jjbi Neumanni Mathod

'The IDougA."aa Nvuamilno mItlhod INm bat~ad onl thu foetht Litly In ilcomproasab chl

pcctcnt hilI l 1 ow 'slcinL 7tel( Nolii 01w 110 N C01 AIVILld aN btI[g .1 ttdav id by Ii porL I.-
cuba i s r fc:a c da tir ibut Ion (if sourve Ci N ngu l~a rt Ivaa an a~l .. f low boctidtir rica

Yo r Llimnlp I L,, LIn t .1e niccrac~t to n p ro 1) 1.auii t liv app 11-op r hi L I)OUc'tidtc1' 1. OF 0r t.hII.

[flv I Lw I. d 7 fIow rI L!Ic(l i are th L itirc r I fLHIt N VIfil(A' , CIr'VP-1Vt- L' N ri t' , aid 10L'1 II I -jot1

Nill hi'Ot. The hlocig1 its Naicm11nn Ho I at:01 Japi I 10HOI)hI.Y I ov10l via t Ow Iar'VilunO.M tall

ccl C011 ho i tlctillN N0111i00 d I~ iiir ut Ion oait OIL'c t.0lt 1b1nd, 1 'N 104 bV i 0i Nct'ti. L' di NI' a I-

49



hm~ot n or constitnt N trong~ti moutrco cjondr In t ral Imponi'I i A volsIlunlev of

thc'v I inoor nn r.ur v nf po t.nt hIn I F.1 ow I mt i titt" UlI rmp I vtc v' vvIlm1 ty itt nrlry

1' 1.1El IdP to 1.1t S4 11 IY 01p V~ :i I I 110oa r votiil I im t Ion o f. HI*V rvus(rami vo. I ~o cI t y piU uI ho.

S1111 O I. t hI' W ' VV OV It 4-14 11 (111 V'd by tqw I I I nut itIv I ( ti.a I mmr,vt riann I. Fu rt- I (- rnmwr
SIhL v I( lor [t. [ IIid I W Md by Y i I S I III' 1 0 !H I t I ' I ii1:110 So Ili 1-ý(tI y proport fllna I t A div,

flut.I 14JI I~l~ H 4LrftL'0l HLwo1VqVtuluu1I. V, iL IS 11110HNIM COi VHt.;Ib1:11 i ýIi ulYALtfl (it

I11 m i uu r il I WI1 iI Vlc iu 11111 1(11 in h* ili ll o prF o rill~i 1)(1 I ma I VchwI ItY .' h 1(, IV cml-

diit.fn (ILN dt iciHrut cu conutro mlpoint LM o L ho unknoiwn pimeo 1 Mnur ce mt ronlothm

'sot ut 1ion to the lym rmum of vqtkti L 1(1111 Ilvmra tes tile coniphi. Le NOtirct dit l tr ibtiou
Whiih IN 1,1C'ci tO 4V1A! cocl the1 C011m11 etc' VV LOrIty VVC tOr tit Mny pc0iilt of int~vr-

vs t [in t IIv11 ptell tcin flie1d., UHL) otf the Ilurnoul.1 1. mium tion convartN v Vc'tocty

imign ittide to l1ocal 1 ru~umurv coorrfie lent for u~u Ln force tnod moment intc'gra-

'Thv. modelI.I ng o it arb it rry flow botindusr du by it cuuclriliii Lrn'! pimne not-

wo rk im ilhin truut d in 1Figurv '12, whoire tile pnnn11u.1.d boundar iON i Inld iim~tl

tiitýi V m II f CLuv-ývl~m, mid groiund waI1.1-j ut IN* hL. panll Iud gc'omu try I.H i o c

by tho Iuser, whio mumt: input tim oorncer point coordt imolI of ench ponnd.. INx-

cupt tiat ho unda~ry udgum, coo It co rle r po int Lm co umimon to ('tr uid.Icevnt; paiw'1m.14

Tho f~otr vornor point N wh teb dvifInt, it pnlu' ncued not ho uxuic LIy vop 100111"tiho-
mcuuuL tile progronm automint oIvi y gi'ollruu 01 the, I'] at. p11n1e I hayioll, Oth I tIlt

NqitjUlro vrror ti atw oenurmer

Presarlb~d Naumenn Bountdary Conditions .-

Zoro Nor-mat Vuilocity an Alrcauftt A

En triummunt Normal Velocilty On Jim *-

* .

pr~m Jut

2 FIGURE 32
DOUGLAS NEUMANN PANEL MODELING
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Pnnuling ni conifiguration D41414AW11 Oftwwa allc art and roquiras know1.odgo of
b41nic. procedural ruluits Tito program allows a maximum of one thoUicnnd pAnuciM,
Which WiA .1 p rovidtli' adequnite avvurney for typ cluc con figtirnti10014 Panelsr
wi.h lIa rgi' copur nat loc or high nmpuc t riltO mn hnnid ci 1w ova ii d whori' pog-
athi 1 v, (ro'ilLcr paillu.I dentl iLy 0houl d In, ýppi levd I i rtig I winNo at. trocig p rL'N-

Hu1rt' nlrdiocn t , Ltvp I (,i Ilty whero Htcrfio'. ctirvottccri im It ighosi . Th.1n1 guoilnlor I L'

ruqiltlri' lncrc.'IUiccd pI1110 dens flty, Olnd It liimportt Lil)cchiL pItiUIV icornur polntlt

he citI ignod onl oLpfuwitu mutfacuH W' c itu 0111 vlliLtry

svieuution or tile Douglan Neumanan progrnm was predicated upol c it eruiul
tra~kof of advant~aghn and diNadvantges, A deiirib~iu renturo of the program
In thlt fact that tio Small dipiturbanco ammumptionm nrv mnde. Trherefore, tile

prediction accuracy im limited only by the number of panuI.,c; nw thiN number
I ncroame without bounds , Lit' caliculated nuiur ical no.1 u L.In wil .11npproncwh the

ac-L it ncitlytical. potentiail nlow soltution, The wide ciicepatcnwu and extunigive

checkouit by both industry and government purmonnnel provide it doigroo or eOn-
fidence in thki capabilit.ies aind coding itccuracy uf thle Douglas Neumann
Method. Presently, an aiutomatic geometry pnneling routint, i, being do-
vuloped by IDougtci. Aircraft Company under contraict to NASA Langley He-
"Neotch Center. Uponl completion, this routine can hu coupled direc tly
with the exist~ing program to provide a nimplif ledui uer-ov Iunted
paickageu.

HIowe'ver, thavo ýkra two diciadvanLtagVM to tlt' WJI~cu~Ar Numantl methlod Ohlt

ro~ire uro oc¶ogfitiofl, 11rnt, thle vomlputclt inn.l expense tt-ndm to incruante

with ilt! c ube of tilt, number or paln I N N, *Wh11.0 l r cLI et ion i AVMnlV rimey on In-

crunsvii linuarly with N. Thuerforv, predic Lion ac-curilcy tundn to vary 1114

CiP~niittiitiotini rxpennc' to t~he thlrd power. Seucond. numericAl itimltitbilitioN

Caln lit! gvneriatid If tha prograin is appi.Ier. Lo thin lifting gooc'ntriv Lu111-
C1a11e mtiurcc, strrungth li ignitudem become excvtqnivul y large, FonrunaLwuy,

W01-1(i IN h p~ragrVH1n 0o 1111CIv lAtO Lthe two shortcomings.
'11w higher ordur curvew pane t app roachI of' IensH (RIe foruncu 1 .8) willI g~entr-

at ' pr~cIILe Lion citvvurat a iiO hat vniry on voiipicttntiotivl vxpulnv Lo1: poweir two

[l~nt cad (If powe~r t hr oo, and thi mp approach Ii i prue~ bumj CUL Yh og ltl-il itod anld

Vcoded for tilt! thr uc-d.Imunmoo ~Ina p ro gron by IDotiglitm nA i-cr ct01. Compim ny mindLu

cointravictoL NADC,

TlL, Lhb in ur facu cnomitily ean be (.i in tncc1LVCd by I neil rpac tlogLW, H:1w nildc

mHicul-r(ou-lcdiL combininatio or OrviNpjiol Log to Lilt c lamss lcd (hviO .s d~int It%

rel ci1t busH ip (Ru ferunlet 1.9).* MoDonne .1. Alircraft Company hits motl i I Id Hit

two-dli muos I and Dotiglian Neumatnn i~~liviuI by ipIM icoen ~t lýg i it l0VjHYt IvliV i-1i)1

Groc a's IdeontIty formailftOl a Ia Rfrne 0 1ptlcci. 11=0mer ilel nct itlNlti 11r

L5A.



prosented in Figure 33, wharo it suparcritical. airfoil In incompretisibiO flow
aind V~ inglo of' atttik wam modal~ed by 40 pannlm. A conformal. mapping sohl-

tion by thuv method oft Ceitherai1-8011 (Re~ference 2!) providesit virtually

i' xa L two-it I vinsitn~ ItnI pr msti ro t 1-H Lr I but lon for I) or j1014 (1 ~f commitipor .NO111 v

(~te~~I -Svl I 1i Vol o litfI I t'L oofl Ivi lt (Cv 0. 905) wuiH prescrtu ibd for

u b of t, u~' t: I I -o 11 I lititt.II od ft 1 p )r ovv ilt- th , )o ti H 11)i. 11t-y o f t iv1)1Lrb itr ty Ki t.

cond it: loll H'I vv I. [oil v] otti I oig ti' comimor lrmon. '1w con1vent Ion tIi I low ordoer

IDougtslO Noulmnonl LHol tl It'l IH NOon1 it) dIIV I~ti' SIVii If itunt: 'y from11 010i VX11It H0oli-

L ion, near thle L Vthiiit highy londed trikil ing edge.~ U1W r Ling Lu Ulu. highur

order curved panife iippi naub with thev rkoug am Neumminn progruim IN NCOet to im-

provo., hut not climinitat thle 1ioma y. *However , tiINtnI thci Grocillm Id entli ty

approatch With thle higheor oirder ci~trvvd 1)0111' 11 v ict wti.1y ci imina ttl Lf the tiil hig

i'dge. proble'm, F~urtlivrmorv, Lilt' CrVOnH identiIty NHlOLitin hI It 100111t 1114

accurntet npi each of Ole other two patio1 sol1.utintiin over thle entire remitinditr

of1 thev niIr foil Nur fave, Mc Ionnell k i~rcrut 1.t Comipany im proei'nL ly utndvor con-
trac t tto NASIA UingIvey Research Conter to mocitry thlt Htreov-d inionmionnIt IDoig.111m

Neutmann prt gran toL itt'oioctimmdtec the' GrclN Ide'nt ity formiultai t out

-2.0 . .-..--. *- ..- .

Y 0 t,40PANELS

TY {ýLNr
x V-090 (ila vmnnIL{01tn

clils oi an Hg Otii

FIGURE 33
SUPEACRITICAL AIRFOIL PRESSURE DISTRIBUTION

HL 1111 N il It 10it't lt L tt I li 110c lcrl L C I 11ngH 1 t I I L! D0h1tcu1 41 H~ NU Wil 111 HlIr'VO-d 1111011-

14 I toI In 1) ~rogrtil i ll tIh (I lit' lot11 itui I ' d 0 i1 1HW I t It fit- ' ; f I t til 11. I I'l I f I t, lit n 111)I -o Vt' -

MUM." i t o tI lit, pt'ogrtmifli c c' tii vi'l ,1i I ititdilu dkliVI0 tl t 'ltit I It I H tIt 11- 1* I- tItt t- L1 I
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1iblo to ýIlvct Lit, conivenctonal. flot~igm Neumannn program n O tieho anlic poten-L Lit I f low too .I for tii LN N tudy Iwi Iit tho know].d oi tio tha Wto rh utur a, the

OnoC highbly ii ox lb I o, of'ikiont , inod :lccrate Iot (111101 flow cumptitur plrogram~,

4 . 2 I~dia oNto oi~llhiru NoumnannPrournii

III ofrd or to t aif 11. It atil tilt app I I ont l:oll of tilt! t hr 'IV'L1111 1 JOON II DOUF11 I ,Lil I 11H

Noi'uimina p rtq~rm t o typ I cal I*i I rv ral ft. /J at/ground fl Wite. Lo I on prubh~mi~o , WeLive J v

I ý ,1111 tit ýýoi I I' I oo I oil" to 1)i (1 l.I Itt' Ic It -od ho IOW o I I:W IV k It' I 1 i I111 1 III't1 III t n A. ' n I I I I Y

Chi.1 0 Olc d .a l'h'1040 ihtill I I I;It lill; hupol st!i iiihi ia l tr iorI111k l(id n Lilt, pri;, MItli

tibor til dIo notr Linpa 1,v anty ox I i4t; rilt program caipabh I I t IN.L-

* ,ILIoioA]. low AritnyNoI111 HoutunnV Conndry H.nioNw II i ti!

1 ot 1,111 at Ionl anld vcdi ig fo ilVti- OX I At. 1i lough-i0i. Neumannn p rogram Iin R F or urn'

I (i I' low t.singvney houndiory %:ondItt3n ton) ur INs timiid to appl1y oil id. I bound nry

MirI' 1110OH . 8 Invot p rt'e 0c'i hod tnt rwhmnont anortiil1. vvl o ..1 Idvr o oi .1t odar.tN

v i~ol at Lii v this 0 riLo~t-.to:, IL W.A 11VOIi Soary to iiiod tfy OIwI pro gl~att to toc opt t il

arhi~t vary p too oiht'.bd vitii c or~ nor unni. velocti.ty pi~ Lilt! boundary cnod It. .1on at

cacli' jIIIt0. Co tolt0 . po'int. Tlii r-'LJ ifivattIon w~il& o'oiil o In .1 1711011i111 wMulc

thatt tho two r tii~ki p1.000 r thuk va~l ues only )in gociint ric Hoct. ooin mo.Ilected by

him aii~tu nd Oil prt) ran w ill. twitte r 01 oW L11111twil c' .1P~uwhtler . "'or oxiimp 1 , oilN slild

it ito -ral t t;tin rcom tw norma 00.l. veii oclILy VAIICI 1100- tio k np atI ~ .Wh ti hOW pa olrapt

%4. iaipio I gn it oro vii ltiv on Lia1se pa liiets ttrimat icil It Iy
4 .2, 2! Lýflyi~lnjp A-II w W/ik-1 rv onwigrat n 0 -1 Thu cX IN sti p ,1 l'igriloi

n~ay l tiVN IN 011 the p ru'Noiio of it V ruiiiI ng vo rt x ,.vke, c harac tv ite oft Lil' Ft,

f wI af old i nchicol 1w til Icitrortia Ft. Inorwardi 1* [ght. Vor VTOL. a] rcralt Ili

iiovo , tiw rrtwr1 tm Lt. winci guoIFi orv notlial i.y no0 11100. w[MI i lol'ilt t hai thc1

.1 t-A Indolcud 'l owf'ilild , Hicrehy fintaidating the concop I of it 0-ill log wilke

Th i. llro gram waN thue fo re mod ICI.ed to ec-up t o:[ thev Lili, prom~ctice or nob~ictw

of aitr LI tog111 Vol'LL!X NhvvL lit thw ciL ocrt Iou oh tii10tl.Lawrq

curiodIr~ goomoi. tC Icuordfi no toN to lio Inputal t tho ratI u 01' (WO 17111 t o nHn 1 (AHil~1LLdHOiOlp~ Li i il 110'a 011-dI

W L'1110 o0101 , I I' tiio uH r l ol; t-red to iiaku t Ili 1111 h'- d gooltlitA rvY Mod I F I-a L I Lin 110

woo Corvvd to add or dloloto noi uvoil nunihor olwh' i tH ii olt HJIO I'A.!cA tIto Lropot

of ipialilogInput onarcho Cor vvory 14ilimuitleount m~lnt- (posIN d I tiovrl O wV'OIIlsi-

atillc v~i I tivc~ ) *'liiu programl waN thbortifore mod If td to allIow ani oh'l I t~rary mix1 :-

I nO *0 Li1 VliIOd 011i'l1110..l hviMonirdi out tON for' 0 i~thr ontL or0 IWo lltm T0I I Mlii

tl)11(1 iI d praogouin i1 ii 1 IMNillibON i u ci lro d toI havc Iwo ullosI iii. LIII I H i001 Ol'tr

v il no bi plilrud III card 0(11.11111 70, alt Whi ch ttm tii h ile r si0 il 0 111 1:1 tOliL ll.1

tO i II no .11H hill., COHLtrod H I og,1 lo pintol roord Ino h ''a tiltilt- ard.
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1 ~~~~4 .2.4 Coordi~natV Thei.nrntjt Op or ''io Nt~ng programt¶ ctnnumed
all1 geiiivtric~ panel. c oordinittceR t~o bo. iniput in it uornmon Cahr~tesian c~ourdinatto

1et-nl. loti with ropot. to it grolund I an u1, ioverv a l ruratft iýourdfItit.v o hd to hic

rL'lnimpilt id by han11d du Id r VotInClI Od on (,a rdH * TIhe roord I Ilu it 0 t rimmfo~ (rt1iCit lonf
optHin III von Iii' iltr 1101 Lo Mb iran ly mi vo :in Iud ivi dual geonrnttrv ,wt-l Ii

akll wI r . Fo ft:mitI It , I o r kI 1,wIt 1our: adhi lit, lp t m .lt , i nu r t r alnd t' I: C

32 c.ould Gaaily bo cihit iod wfIt h remilev2t to Lit! 911111 mitap I.ant

Vic' tritns forniti on proveudtrvc onsim.NL of rotiation f irst, t ranH].nLion live-

ondIf ite ati.1 Iput coodintoN or ~i moe tion tire ill tile k 11Yl' I, ) 0 H y~-
Le rFigurei 34, dhie prL~rwri ro LdtoN th, zoord inatiem through huiier nng~vcH lilt

Liv~1 ro:ct:uitne 1 crinpute ae trimd ae 1 rcarbitrary tnputtval~uesAx Ay~, adIz

to r med (I t IIrd(I i lit Lv (x y z ~) 1'o I I ow,

Y. ,

1~ N
AxesDefinition

N1~~ Input Coordinate Axes
NV 2Sift I Plu% a Rotation ý' About

xN3, y 3. 13 got 2 Plus a Rotation 0 AbOut V
X, V1 Set 3 Plus a Rotation ill About N3

Comruhnate Axes.

COORDINATE TRANSFORMATION OPTION: ROTATION

A 4 ,x+ Itlly. + n1 ~ (68a)

kv - Ay + 92Y.I+ + (68b)
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whovru z. C ooB Cos 'Ip

M M sin 4' sin 0 von~ Y~ -o I,0 il 4' 11

11 'n 1111 .I l sin I+ coN -I' Hil () C OS$ I

oO H No 41 H11 IH11 ýH l

i11, 'LIit 4) c0$ TI + sb 'I. it 11 I) iR It

III Co Ong

v The coo rdioittc trans formation opt ion im of Limited val. no for conventilonal..

avrodynamic p rob.1lems, but leu Onsontial for V/ STOI, uieodynaiiri s In wh i.i hroll.,

p11tto, iind grotind height are commonly vnrieci paranvon~rH

4.2.5 Mod irlod Mcithod of ImWov4s Option, - For the mol ution to ai morn ft-

jut: ground internetion prob lomi, the itppi i on Lion% ao It iMethodl (11 ItTILIgUs C011-
001 tRecrn~N~ ~nit'Iontimproullt InI hoth coMpuultatlonn'l e lfficiency and

prvd i ot in neetirtiy , This eoncept liOn hbeen imp 1 mvntud In Lilt, llougliun Neumatnn

Progratm am~ on oil-tion des ignated "Mod ified Mut hod of' InhilguN '" Sub~ cut: to tlivL

minld rpcitrtciti~on tOut all, wall-let ponnds lie. in n common p1nnon, the mnodified

mutILA Ohf' iniagmi u applroach Of. itmind ten iis tnknownti thu soutcE, NO-e ngth dvi iflh I I 05

(11 OIL! W1.1.1 P(nOi.S. 111011.su the comiputing t ime requrelL d Lo $01 ye it sys tvin orF

I-Inoor oqint Jon u-Is p ropor tionalI to the oubhe of Lh III- nunhor of tnlknownn ,, uvunI

m illI 1. reduc tion in unknownn- will be sign~i~fJ~vnt for thu .inrgv nutnbc: of

piltoois ni socIa 1 tod With V/ ST01 no rocyn amics,
'IhIL [t11j4.I.C goometry pantlling for the inod i ffd imothod iof imagos ~sIN1w

traitcd in Figurv 1.5. In ndditlon to the airvrnft, fruee-jet, Lind wall-ýIet

pinenii..Lng, tho progrilm will automnitien1lty ptine, nn Ituago lt nrcrft nind iniage

rrov-.v ot. uon act ivaition or tile mod iF I c meutlod of ililigoN opt Lon.* ThI Ip)r E,-

MeCPOf the imago pi-nelpi violates no theoretlviil. rumttil10Ions hucausu Lhc'y

do not 11v within the acua ten I v i t.Sd f I (w f lu ci For vitr tiinknown MOUIr O

dolsiML Oil Lil lnaitreraft or froo-j at panul , t hvrc is~ lin oqioal 1 trungth Noii' 0

dons ity on the. correosponding Image pa~nel. Bly symniulry , Oh normnii vol.Li~t Lyi.
lilothcod hy the nirornif and f rocu- (Iot t1nu1L Is l III d~ ptln I)I111 Halt Wý' 1)(pI lit

oil theo wal~l -1 t wil i oIdcnt'ictn lly zuro . Thcrvfore, the net no rnm.0 vVol oity

on thuv wflI -, ut 1H oiri butohic' only t o Htht froosru;tI neon opoloi't. JI NH tI-a

componoint InduCMd by the woifl1-i it: s onto dISt r IhtbuNIO .11 C* V~n I- I. IIC 1 rust H L -LL-III)t I o

tittit. thuc wtl i-.let paflcut nru cop I uno1r , LiiIN IMAVtor COnn1lponot: CNI ho shIOWn tO

ho exn l;Iy tw ice the I ocilm I otirur do.nsl~y .1 Sncu tLiu Oct nornt Ir vol ot ILy on

Hie WrIll-.ot I N pre~vibe hd n.4 3 honniirS C.011(1i1.Ion F rom Lht knowin wa 1-.1 it,

ont: nhi munt VVloIt LIos, it is po sHhIM u t) clii lnuh Lt~lI10tAVHUIVki Iu: I IVIIH Ilk
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Airplane VN 0 1

MEHO OF oM E OPTIO

Aialan FreJet al ~

be so~~~vjI1 areAirpane -reeim Jet - WarIt fct aenadIt-

pane f~ hreejt SOhe knownsenLirH I'nicsmt cc lee . to I - VL10t o I: 10.1d~ In~dUCtC' r

mtne thel.jo sorcs debuL icmpu Tted hei'orc d Thpenonl reruILdtimin i.1 unkown Lho

Imasoled pinre [mit lionel suefiILv on the Lvieici inminht i nndil fc'vVn-jQt

omp uncfl .iwher 010 know forr t- I11 o 0Ittis VL1.C1.1 1eiOfe01n)1111.'01p 10,v henever-t'S

dia ttivig e Lin a1 .. 1 f 11101 iten dF Is[oc-LenLt is-I so I I itcnt I Iy I itrsgn islt sI c eiý i n o t I ICN- SO -

JI.Ste lCI' Lug p.111 tI tWI d pooI ons * t A .L ,uf'tttr io van t l o ohrýL CNItIA' n d Lo thd e LI n-

II II I tigL'us Lsi LhIvI t th I o ncs Iy L'ins 17t11 I I-n y 0 [1111 be fltttlL' nun .1 y .1ii I I f .It

be2 t Wý'n wa1 MI Vt 1) se e 1 A COnl L fo I o0 I n Li t 1lts1iii ) In Liiu 5-nov5 -1. I onin I so [ItUt I Oil

tsst itl C , W1t I I:lI I S C1 LotssIHV(LIL'Fk ii f Lilt' I "L IL tit t .-i'Iilie ¾ oi t1o Ip I v

oLii I 1 )o hi t Ii4 LniOw %qtil I -] t histliit'is. it' l* iii rs psi sl only.

VLc','ttMSs' 0l'u progrstm a 1.1 iWH tIIs'ro i 1.11111 "Ilk, YI-IistiitU'trv 1)1,10v, tIL i tt tIod i fI Ld

iii. ~ ~ ~ ~ ~ o ltl t ntgn iit Isymit iist cn esI ;I IC st I Is itii IV ' i wiii& I k isl ii -iit lsI 56



4.3 Numerical Expviments wiLth Douglms N~eumanuqt 1,rogram

Bo'IutIusleupvioluN appli i cationS of the Dlouglas Neumimnn program to jet Inter-

fl Lion prob I en.m haw-' liven 11Urned , ft was uion~ ida rod benurC fichL. o conduc~t n

HO.43 t[V ty HLY IId Y or j t 1p.11-noli~ocIL. I log v f f(,Ei. N (0 n iuitu. t L!d Hoi I.I t Ihm IH. siml

Il RtLi~ld Wo0U.1d r-e0Vea1 l. 8 1C Ic si r IpaiIne v 1 . no W, h I v' q m d I IId I (,,It: Lh Ip )r opevr

'10)',1'0 01' prdh . o ('Curatcy vi'rtis patiel duse~.1 t.y

Ii II'rci. w(ý1'h oWI th Hime phl I I ilqilhy thatL OIhe H. i111p Ut Jpiu,- I hitL cil-W -41h01u d

hI)' Mii'WI t0i [SHo lit0 minorITI enIC t vii2,a;Vt1'aLt pnlJ. Li:1idJY WaL, cond(UCLtd

Ii 11 a ýifHYIaIII Iie t ' ju t i'Xhia si igi i, from ani lli 1,11 t .(i ' FLit Wti[ . T Ii I 1 H I i22pI t!

casLo iS ospovial ly attraotive beeaumto both experimental dot, to nd ,in n1 tomnat

Ox"iC pt lot 101il flow solut ion are LIvLAlLabie for Lit- W111l pressure ci ½ tr:ihu-

L too (Roefurenee 22).

The baitv mpae~l. modeld i iliiwstrated Iin Figuru 36. 1Untraimninnt normal.

volI oc(.ttiuý;teoon is tent: with tho-tc of Refermene 22 are pre~merihcd onl the ALut, anod

Ftow t~angunt y Iis preo s l bed ji.i cog t ho C .11 t wall TIw1 unt ra tonorit niormuii vi' .1

city distribut ion, from RL'erencO 2, is -' .032 V f or 0 < Z 6 1) and

LvN O the Square. of the ratio of 1CL loii p(!Ed to V~ moic L'~gi

rJQ0h]Q.e V oh rc tl! qLudCy waS t o ci ct rmtoce the mseng.l. t- Ivi Ly nof t he vui i-

I al ted wa I 1 pr Lssu re dis tribu Lkill tt: SYSt V0rn i :IhonlllgoN .1 n tOW haIt'II Aneld

mo d - uIng, of Figure 3 6. * t that regard, FivU Sepoira to pane1l. modol..i~ngs Wre

L? t 1ii1 - 1 liihCi ih 'I'0' I'S t Pldoivling, was generateod byv reinrvlil o thLe Wtii. I panlui of

HeV bas to` S etL1 0up oFigure .36 and t hen add -log al n imge IoL inl au.~.orchooc e with

tHie metL lid of images (I'l-gure '3 7n ), 11 I kl nm Lrtd l~ In u 3 71 a re the tie i'u ti

th ird, mnd fourth mdEI1-9 Ts I hU Mec V i V01CMC)de I VI 1m it 1 nIlp .1 th ha1 t L! 111p o- I1)0f

Fi'hgure '36.* To demons trate the ef feet of rociuvcod panel. clun~iLY, the third

m10ode Iwnq ('rootedl from thLe hasIc- wotup by a fifty poe. ent reduct ion :ill a IN0

dnimsLSv bothi on Liii0 Jet Inl theL uiIXal didtreetiou nu 411 n the w110 il Ii il ti, Iad Lii

direviLton away f rom theu IL!L axis. *'ho forthL~ modeul was eit tai-IIsiid by vxt cod-

tag t he f'.iat Wail [if the halfs i 0h11 seu nc~ross the lotL exit, itureboy if fet-ivealy

0:1 pp liii, the let * A total. of elIgii t panellS ( twemi y per quarte~r view) were

u1'1ed tO cap 0 !ie t , an11d IFLow tanigency botinda ry cion(I It Lions Woru apip I Iled to

Oath suilwli jl~iloitil L he side 17iiC.I~ng Lthe let- (x -+)0 'Fle I k17.it 1tlio IoIv I reIp ro-

Lmetn L- ajut emanating frm~ a1 wing (If' 14111111, but f lot Li thi.ClUItC 5 (ii guru 37L ).
The paul I1 lagý, wasH us tAhi Lm-hud bY addi 1 IIan I pprsrIai'W;iI1 I toI HIVe KiM ii

,ikdllp. T* L 'teWoil. upper murhfatý.- paneI cornet', poi p~~rol 01't onto (1ek Iowtor

u-ar tt'a'c woorp oitls il to icordann ci. wit a a11 paS1 I)Ule I. iL' Ofi HUH I" ie- I OW

Ln it u m, yi' w~iit-ý 1)r vs ii r i bed o n hot Lb1 Lii upp r 1111 1W oweI I aW t !irI ti C 0 ofI thto wa I 1 , .ii

Oit Co I' C li 0 t1;I W tic 1 Ite W1 wI rig- tV 1pVe 0111 1 igt1-i L tona
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ol Flilt Wal I(VN

1 '';

ti

OwQLl'to~r View of
Jut (VN Proscirlimd I 0)

FIGURE 36
PANEL MODEL FOR AN AXISYMMETRIC JET EXHAUSTING

FROM A FI.AT WALL
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(hi Je +Wall

JetI

Wall Upper Surf acio

Jet Waill

(a) Jot I Imove Jet (a) Jet + Well With Thicknoes

FIGURE 37
THREE PANEL MODELS OF AN AXISYMMETRIC JET EXHAUSTING

FROM A FLAT WALL
Coliculated resul~ts for the wnl 1. prcesriirL and 4ourcv donsity distribu-

t ions appear in PliguvoN 38 throughi 4.1. Of the r ive pane~l models, theC OnQ

iricurporat Lng thec method of images is of iieccssity the most accurate bL'cause

Eiytmmetry gtiaranteas thle absience of leikagv ansv~iere on thou wall. planne. A

cotmpar Ison (Figure 38) of thue wall1. pressuru dist~ribul:toll calcul~ated by thu

I)oLuglaN Ne~iann program uising thu 'let pitis image. jut panciicg (Vigurc 37a)

dumonsitratus e1tcullJ-nt11 agreement with both exporimental. an.1 anal yticail valuuH

from Re furencti 22. The ana.1 vt-c curve was obtained by nssunvtnlp tho jet to

bu at conicun troteid source [iiL ant and then appltying thio mc thud or image

Vi rt unl1y oil. tho disfc repano y he hwuen tho ana1 yt i~c c tirvo tind the cal cula tod

Dw'iglo s Neumann val1ues .Ls ott rib~ t ouc :i the appr-ox~ilmatt ios ats oc~ialtod wit~h

a finitv. puinci density.

E~rro rN associaoted with the in troduict Ion of Lii' u fit wa.) .1 panul~s nirc

evideunt In Figu~re 39 for both thu. d ons u and sipartito pand Lng of V i guir 371h .

Cal1cuil~uutod prOSSure~s are qtiito goode CXCrllpt or1 thV fIVye or Hs. 1)1101 pa0 st.1051'S 1

Lo Lilt- jut. It is no ted thlat wi~thin this i-ogliui, tii.:, Spnrsv pauicis lintro-

dutiv approxiutma tly twiceu thle relaftvc crror- of the denso, pane is, whttu~i isn

f 14UlitS o n~i, I , 1' I iti., fa oI.t thit- the lc I ow iordulLr apit-.ponc oI ' Ile t u x I s I:Ii ig i1Oglt o-,i, uti

generTMItCt prudlIc Iion alcetrauncy tim tL vnr lvs as Lhu ILfirt- iiL4IW't Of ~1LflL' I (ii'o

LiI Ly. However, Li tits inplo technique of capping, the jut c[LAisll tc mo t ou
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-Anailytic Riwills Ito u Fnikitin~in Jul (I1tit tt)
Exp erime nI •al Rslts (32,000 ý- He 5 b3,800)
Donwgns NeuJmunn (Jet 0 Image Jet)x -3

jet
Cutirlin, ,_

2 3 4 7 8 0 10

Distance Along Will. 2r/Die gp.gg.j

FIGURE 38
PRESSURE DISTRIBUTION DUE TO AN AXISYMMETRIC JET

-6- - ---------------------

- Jot + Image Jet
Jut 4 Well

0 Jet 4. Well (Spare Paneals)
- 4 - A Cipp•d Jet I Wall

x 0
-3 0 .... ...... .

---

Jet
"aiitorline

-dge 0f Jot

a 1 2 3 4 5 6 7 8 9 10

D0ltance Along Wall • 2r/Dje ,Po.0 1

FIGURE 39
PRESSURE DISTRIBUTION DUE TO AN AXISYMMETRIC JET CALCULATED BY

THE DOUGLAS NEUMMANN PROGRAM
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0 Jet + Wall with Doene Panenl
0"C Imt + Wall with Sparoa Panel,,

ii Sourre Strength Dernhlty

S4 '-___ -

".-3 -
0

Jet
Con MoriOne

0 130
GEdge of Jet

0 2 3 4 5 a 7 a 9 10
Distance Along Wall - 2r/DieQa.oH,

FIGURE 40

SOURCE DISTRIBUTION DUE TO AN AXISYMMETRIC JET CALCULATED
BY THE DOUGLAS NEUMANN PROGRAM

-e

A Jet + Well with Thickness
-0-- 0 Jet + Well (No Thickmees)

0

o 3I

--2 0-,- - -...

fitge c Jet 00

0 1 2 3 4 5 e 7 8 9 10
Distance Along Wall - 2 r/Dhe 1T6-0e44.4

FIGURE 41
PRESSURE DISTRIBUTION DUE TO AN AXISYMMETRIC JET CALCULATED

BY THE DOUGLAS NEUMANN PROGRAM
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. the problem, but at the %xpense of adding more panels, Corresponding to the
calculated pressure distribution of Figure 39 are the calculated wall source

distributions of Figure 40. The close agreement betweea the source distri-

butions is expected for a flat wall'. he'diset•eement in pressure distributions

is simply attributable to the neglect of source gradients on a panel, which

is obviously of increasing importance near the edge of the Jet.

FLgurl 4l do41 ol trt.l.tSL H LhA L the L lt l tddi •l b i " thf Ol t uppW;r 1Ur ilt'

thickness impairs the caalculated pressure distribution within approximateLy

five panel widths of the Jut edge. Again, however, the results are good

outside this range.

It is concluded that,

(1) The method of images should be used where possible.

(2) Panel densulty should increase neoar the jtncture of a Jet and solidK surface.
(3) Prediction accuracy Iis proportional to panel dens ity,

(4) Wings with thickness require greater panel density than infinitv

f flat wal Is.

(5) Jcts Rhould be capped with additlonl. paknels.

A complete uner's manual for the modified Dougias. Neumann program is

avaiiahle (Reference 1.7). In accordanco with the user's manual instructionH,

a four lift-jet V'rOL attack aircraft in hover was panel.led for the program.

The set-tp incorporated approximately one thousand panels to modal the left-

I hand-side of the aireraft /free-jet/wal.l-Jet configuration. Approximately

three nman-weeks (120 hours) were requi.red to complete the panelling. On

the IBM 360, the computing time for one complete solution was fifteen minutoes.

Several. values of fren-stream or cross-wind velocity can be computed for a

fixed geometry at no significant. increase in computing trile.
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5.5 FOLNTAIN UPWASH- PLOW CHlARACTERISt~TICS

Tile tatudy of fountain flow chfiarterimtIcs has coricentratud on cames

whore tho j1ets are. eirca] ar , perpendicu.1 ar tit) t he ground pliaon, and o f equal

thrus t .In add itiLou, the pat tern Ln WhilCh1 tilt nov .li e are a'rra~nged has hean

104001 liv UMV iiniie o en 10U i loust. olit plilon O f Syllilet ry. Th 11exi.tntnce of

01001' 111r " 11o.110 pl.iii ' 4it: netry nmuriu. _I theý ri lwF IVId geolmetry coon 1.dvrablIy,

anld Iod (tao - a ho-ttur iomdvr tlnd log 01' HIe Ftliodoilliltn fouJIi I 1b 0IpwaI O pr'oper-

thiu. Fu a CermflgUratlion wLI.t two pvi'j.'td leo! r jvtm tof cuqm~i I trust-, CerTain

iAasuMpt.{cnN about the flow turning procnsm resul.t inl an anniaogy between the

fountain find n Aet. Basic Fentures of. this analogy hanve been verified in a1

test program conducted in a pilrallel. NCA1.~TR AD effort. Bhased upon the two-

Jet results, the analogy between fou~ntainls and Jets has been extundedi to cnnl-

figurations With three and four pe'rpeindicular lets of equal. thrust.

Ali Initial, qualitative descrtption of tilt upwamlh in qjlvmmetrit! two-.jet

*fountains hafs been devei~oped, and at plausiblu ana1o1.gy butween the fountann

kind at comical flow has becin postulated. A quiantitative description of the flow-

f~ield ib not possible at present, however, dlue to n lack of. tidquate datal for

this type of three dimensi~onal, fountain.

5. * I FguiZlence lBetwouen Svmt. -o ountain and Radtial Jets

The simplest ponmsibIle fouriai~n flolw is thatL genproted by tho Jet airrangement4

shown inl Vigure 42. Two circular j ets of equall dl mutar and thrust Implinge it

90' to the ground plane. The jets fire separated by at distance S and located ait an1

olvinI heivght 11 from tho grounld. ThOm wal-,¶etH Hlow rodinl mi .3votwardl from tho impinge-

mLI1n t polinlt. ho'lIIw each vor t ical . 1ot , and Hup11ix eatt iiomg th lieI nto Ali tLa Fnim Hii

ifountalin. Bemcauue of symmetry, the Hviiaratilon 1.ine ABl IH straight find iH located

halfway between the let impingelpent poIntim. The enti~re flowfiold, Including the

fountainj is symmetric about plane ax (and alIso abouL thec plano contatining t no

j;1L cvntorlineA) . Thie radial 1 linet4 emanating from thlt Impingement points

represent the direction of flow ini tliv axisymmetrtc. wali-J ets Oil flIow s~tudies

of .1uLi impingement pot terns 1 ndicn lto tHant aH thv sijM liro neI n All ist ailpp ache d

the oil flow 1 tties carvv mnd buctme tnngtmnt to this line, hu~t the region or curva-

tare in *lJMI ted to the Inuied 'Iate nevighjborhood (if time 11 He . At the lint, ABl, ti:1

waII-.1 t ii turn and leonve the suirf ace, forming thet founltail,'Iic tur-nn g preo

L,; idea A I od asj depl c ted Inl the enri argemun 1. of thc Nlow regfon am und palint r
shown in Flgtirur 42. ThI? vectors 1) aind U., a1-V v00lor Ill OIntL' wall-.joy prof-il os

cr rem.; ponding to eut I and 2, respect ivoyeI'. T'h:'Se ' tOOYS have normal (Subs cr1 pt n1)

And tangent in) (suho' ript: 0) 00empenca~l tu4 t time) Heparat in . Inc All, IL IH In mumned

63

1A.

............................... ~ -- - -- - - - --.-.-.-.---



- ~ .~,.~ --

IDEAIZEDWALLJ~ ~UNTAN TUNIN

Two SymmetricyJets

tht I h unL~ pnu~,tunraIvuInYt ~pnn~ IN it and , utI2

t ha ut; ain .1 N Lrn enp tiocewn OO the Cnw nonnal vIo Li y compntlt f tv; ill rin d I lýn t nrou m

iro strated ht, pupndlth u l. a t font i v v,-' o tind pro Fl I muid the., tlign ong u t~ilolithu

vUrt iand. Lhu. angtu unhngd ThN m diFu~th for~ d0 F s Funtn p illt along~ 42l 1n Hu l

t oiI aoAlwhchCHu.. tith lm~gn~th op0111-tio For LNIv annld 2 to lototo

L)orho (if'ihtIeN proou in Il..tu Lrota finFgrst43 tipilL' Flow n thu. Foanttopr-fsi Inwol

thLn ou nita.11 is Lnk to a e radi l F alow or ig iaat~i ag Froni a v I t Liles o Iin th louna Lidat

a ci VI.N 0tan~ 0 / 2 ho low l bh 0 routand 1on by A ral dinaIg o Hio thog un 1711V Idlngmyh guno S0-a to

Liy t ine APli, WahaI~ynh tl CLU he winiphih int Imitig upon jutmi oIand 2 tloN roFtlitu N

90 Ti o r cl u rt ori yth ol I aI t.u a o cI nf lo F g yr 4 . ho f lo w I n Hy Lh v fioutal Illwo-j dt

FounLal bU 1Ind thu F 1 ow a rii d alflo or f, Ia LVN Ilk rroN i on v [ rtod I~ 0art oFl I Mi.C It

it~l pisnrograS/ (Rolrnw tll 2:g - Po ptr ud in i vu ArI of t w s I it ca I owF14 : I old woniv t g I vuit I, r,-

giltod by flUM1 of flo0W viftil. 1I ltil 111n HOnd1 FuVLV W1 iwtolN rvY wI ti a total prIONHS1ro
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FIGURE 43 flOI

EQUIVALENCE BETWEEN TWO-JET FOUNTAIN AND RADIAL JET
rav 1'ho rowilItH niru compn red to diitn obtail nd f rom protm~urt? is rvvy4 (if an

ox.-.4y mnw trit radidtn jeL creaoted 13y Lhe impinge~ment of~ two oppoi~cd, clIrcu'Lnr j "tN.

Tho npparatuH conei iN Led of ~a P.1ir of 'I .05 itn. 11) p:LptH , stipp I ted wi th h Igh premsurv

i i r , For the rf.11111tli i HtUdivm. the pipem ware arranged NO that they impinged

o I 9f0* to oi ground board, am indciritcod in V igurc 42. Ont., vn'l ue of H "2.0dc

wnF4 ut~ad, and three values of

8/d j 3,81, 8, 12

w(Arv testod, niv totnt preNstrouc In the p:Lpem ww4 varied between

I I pop :i37 In Hig

An otfilmE r tavlii [que WaH used for flaow vi NuLI1nt izon * A total prvwurv rnkv,

I nciited po rpond cu tarlIy to the. symmetry plhitiv tt In Ft gurcu 42 WON u~eri to murvov

Lhv founta in yr Ioctty dis t r.hutfton. 'rhe probvr4 were a.1 ignecl with the I ocni

founta in vul~oc Ltv, using the flow vi ~uali i~ ton r's ul ts To genernte t orodlijul
j ,: th pips wron A nctd nd-to-ond, so tha t the c'ots Ip[gdn nc'h otllur

One volIuu (if I ho jut spao.i ug-t n-cl Iilme tor rntkL

Ax/d 0, r1.
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WdS tu~ted, Total pipe pretisures or 30 and 40 pNI. weru teated. Total

prO~ure Nlirvt'ys wert' condur tod with the rnkv pi rpencilculbnr tco the plane or

th jot ,' miad tho probhu woro aii.igned W it Lb hv r-lad a vi'ocitty vu t or.
Owt, l Igtiru 41.) Thuic out put (If t hV totall p~ru-H~ra roake waim road on watto r
manomi'tu'rt , and L o' 1p fit, toto I pri-itlrom wu' N rmind an morctiry fllfanmtllut,

)', ftii' 1/1 it' I (:It Otli' tlitL' t L- t n r rangelll(iit iiL4 u for C, mn ta I n I' Iow vi 'I - i II a

porpundi ui' ar to dhu ground board.* A shteet cit paptir wnsrd attavhe d tO thuL ground

and symmeuntry plane surraces, An oil Ci ho. wam brushed oin the mpapr, and the

j 0' t W.1 H then turned on . The remiult nilt oil fl-ow potitern INH Hhnwnl on thC lowor

ptirt of Figure 44, (after unfolding the Kheet cif pape3r) . It tI~ evident dhnt tue

oil rl-ow litnei on the. plane of nymmetry nre sitraight cextenmionm of the aill, flow

linum onl the ground pinne, c onfirming the flow turonin process described in

Ft guor 42. Tho nI) 1 f Iow doem ind cate v i regifon o f H o'pnra t ion ri ght at Vlth) co rnler

between tho vwo plaones, but this region Ns very stool 1. Figure 44 rihoWs the

resaltm for S/d H . Figuros 41i n tnd b Inclicato a mimilar behavior for

S/d1 1.2 and 6,

rempvctIVVly . The. photographs Hhow thait oil Nlow l1 om' onl tho grctind p1 imi are

"siIlght ly u urved, Thiii is due to div fact that -(n tho experimontal 14cti up, the

ground plane was loca nted yr.'r t Jualiy.

Thie all1 flow do to Inlcot od thant there I1 s a quail tat ive equivl aielite I.L'twiuen

the fl ow in smymmetric * two-Jet fountnin, and a radiatl Nlaw or gloait lg from a

virtual or ig.n I oentod Lit a distnaice S/2 be~low the ground p1nn00 Menr~icerd vul ocit~v

pro Cili u w ill 'low he compoirild to qtirmnt .1tat .1 e i ver-tr the anallogy huLtwM-n tilt

fouintainl and 1i radial jot.

Tho first ques10t inn to be investigntend wals whethevr 171u toui a La 1.1 fow WaN

axi~iymtmotric about thLu virtual. origin. For this puirpose, fountain velocity pro-

1`I I s werv monasured at constant vaiiuleN of thev rd lasH Rfrom tilt, vIrtual or ig il,

and dl Cffrent VA IM ofs a C, as Indicatcd by thu Nkvtch In l I-guru 46. ThO p I 0tH

ill FIgaro 46 itro founta~n ye mcI ty prof Iit's, normidlIM'.d 11by 1 tim' :lt XIt V010Lot ),t:

and p) Iot t 'd vN x (A VuVe glgaro 4:!) tI''ll 11lot CONrUHopondoý tO a1 di ffuru-nt

value0 of R. 'rh0 Cut1VLIS Indicitc 111tha Fl'r a fixedC Vahuc' Of K, profileol at n)

rind 2(0' arV Ini good tigroomont. 1-InWuVVr, muaisurcmctilHt at 0 m 400 sHiow %'WSI Nlt cal yl.

hi ghor volnocI ty prof HIIum, Thl Iswould 1.1 odl cto thalt tHIV fithiala to flOW Is 11ot

wxi svmlii'tr Ic about thO VI rtual I a, Ig I a Thu r-Cou t Ia tStttLIWlttt Inc ant'IMOC as I'*ititvoLri

(111.s tilfow patterns on L1h0 ground hittii'i liiifh 'tlt'intt thil W-t rit I o tilt
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FI(aURE 44
WALL JET AND FOUNTAIN FLOVV VISUALIZATION
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FIGURE 45
WALL JET AND FOUNTAIN FLOW VIRUALIZATION

AT DIFFERENT VALUES OF JET SPACIN3



S! Jet Spacing
H: Height of Jet Naneles

Above Ground Board ( 2 Die)

0.2 0

4r Virtiual Origin 0'-0.6 -0,4 -0.2 0 0.2 0,4 0,0
016- x. Inches

0,12 - 0 B12

018 0108-0.

0.04 -0.04-

-018 -.0.4 0 0.4 0.8 1,2 -1.2 -0,1 " -0.4 0 0,4 Ol8 1,2

'I x xnhe

FIGURE 46
VELOCITY PROFILES IN TWO-JET FOUNTAIN 8/0D1, 8
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!It Sevoritl. Vý Ioc ILONf LIhIL d L!4titt HW front-11 theL 'otizntaiit vI rLiol orl[gin, (-r [rain

V;Il-klhh- ' Lii I t Ii ;t al V t)J e ~ Ito i Li'Ri c v ~itcir I tII I r t- iorinal Ixed 1

s Inect correlation 1.4 ach ieyed foi- the fountaln a ind I ct prof'i Hos for different

va Iue'u of 11 and val ues of ) tip toi 20", 'The dot ted Curves in Figure 47 hanve been

obhtained fromt a fairtring of the carve lated radilal. jzA: data In Reference 8. Thte

plot:i in Figure 47 then indiadten that the metas~ured fountain velocity proftl~x

iH ia go'.d agreement w ithi that for a radial., axisymmotric let. So I f-similatrity

Ofi theU I-'0ta Ia v14luctILv prof iiet cainpl tus that its volocc ty fje'lld may be mpec I-

i[Ltd W/ I iw' ho] f-veocl n Iv wi dth x1  and the local] peak v'l~ocity, Vm, In add ition

to0 th 11 to ) 1. 0F S11A JIUop

1'lguro 48 shows the dLpt(II ac Wl(01C0Of X 112 on thu d Iu ance R, for the radial

Je t: and fur the En int am . 'rh t fountain doti,, a tlik'w that x.1 / 2 grown 11 no or li

With R, fnldonimckniily Of Lit-, Jet Sp.Wag S/d ILand the pipe presStUre Fo r the C
rod' ia [ý It , x,. ohito gro~ws I I Ic~ar I y ond I Hi Itndt'pendont 0of po )ip p7reuSuro . TVI I

sp[romadi ng ciites for ti, ho feun to In ad racl ia . 10t t cu Lcd are qul to dIE fer'ont"

flow(-ve r, i t has boon shiown Ini Referen"ce' 8 that: lic' Hj pro adIlag r;i to tot1 LI rid i a

jet dependis (iO t: iii spric i g 1,o twota thie r id iall Iv opposed lioVozl exoiIL pl~anesH, Ax.

Figure' !49 :qilmod tile aprc'tidlng rate fir iad~la1 Ic'tq aq ~i fulinttliv of ( (I /Ax)

The cutrve kI bHe (i~otn the data ofI Ri-fuvocae S When Ax INa Iit ge , Lite opposmed

I 't a d OW I op a) F1 f It'. - ho t lit, forire Le 1 yI mp I ag pn tacit)11 otL'l O 'r . 'liiaprcoad I tig

rate, of Lit-, ri'tii t ant. rod a1 .10lt I H 1 he Wver hii gh. A,4 Ax do ore aSHO H [lit' HI)roaidtlag

riedera~' utnt.il a '''jot Is roatlICed it' wh l'it [ito HIMCCO ht't'.W'aT Lithe iot e'Xt

p ai hgins t,) aIt't ;I:; aitl aituai or nit?.A.lo. W iii fur toer dot'rOllttae Ini Ax, LAW

Apica o tt'hetHI alt-poaCdent: rl Ax. Ill Nc1-' er.'aCc' H, Wit. ,: ro Fers too [hits

L y'p1' of rod ii (II; t't :-i i 'oamv nho lt~d' rod (,I I I . Tli10 i lid I Ci'tit' (I ftaunt tin thIt a1

lit, fairk CI OHL' l to) Lilt, ''tit ra la I al~ II-1 tjit r1a .1 1 t i ot ct

i 50av shmvs H~ti [he. deit'I Of t ho L' 00itiaý I I viJd I)c;ik 0.' 1kCI t Villm Itp), as HO

fa ot:la 01' di iSIante trouit Ilhit' litittii I iii vi it iiiai ori pin , oir dIi itatiic From tho roId kll

tot:a ;ixf T. 'It.' d.1L I c -- itiu '~ i. i' . I I ti di It'ot r(niti %,;I I ito o (f I[lit' 11p( pvt vI- k,

tii (1 I ii'1-- it i lii I b i [. rI od I itis R
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l i'i x.,/ Half - Velocity Width
- Curve Faired

x Through Witzes
ru,1. xRadial Jet Data

(Referwnco 8)

- Radial Jet

00,8

O,),

> 0,6 .Fl 6 .

/ý A 4.7 0
1000C 8. 0 ,

011.0
0.2 0 (,3 oI

Fountain

0,8 -

>

04 010 i.0 5
0- 3 120

C3 0 Ro o

0.2 -4C 200 6.3 0
3 t 20

1,6 --1.2 ..0,8 -0.4 0 0,4 U,8 1.2 1,6

Normelized Distance Perpendicular to
Symme'try Plane - X/X,• UP;l 034 70

FIGURE 47

RADIAl. JET AND FOIUNTAIN VELOCITY PROFILES
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1.2

1,0 0
1.0~

C@
S0.8 -

Rail Pipe Pressure
0.6 a to '0 40 (In. Hg)

> 0.4 0
Q 5*¶30

J O "20
Fountain Eonmpty. s/rnlj - 3.81

Half Full 9/dj.:.8I'•,Full: s/kli - 12

'-• .••Unillgeg d: 13 OIn. Hg)
0 0 4B 68 10 12 Flagged: 37 (In. g)

Radial Dist~nce, R - Inches 0 37 4.0

•. FIGURE 48

RADIAL JET AND FOUNTAIN SPREADI;JG RATES

1d'

0040 Ax

0,30 D• • Reifereince 5)

0.20

RAadial r _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _

0 Je

0.10
- -- - - - - Fountain

SI I I I I l

0 20 40 60 80 100 120 140 100 180

Jet Diameter/Separation Distatwce djl/1A. (I'? 017 0U 4

SPREADINU RATE FOR FOUNTAIN, MCAIR RADIAL JET DATA, AND
RADIAL JETS TESTED BY WITZE
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Cý'0

E P Bidi

6 33

20 J}
33 +4

0 2 4 6 8 10f1
FIGURE 50

PE4VLCT-NAFUTIN N IGERDA E

2uiiii~lgtecnhin e~edfo ~ nlyi ftcfuti

2, Amt e~vngthet radus F.H~ reac hed v fromual or inyso the fountni eo iv

flw rom al viutua origin lt
4

Dofathed verowthea grun Ths lt hweer

in tnconclusIvP because of possibhle asymmetrciem Ini the jvt no~zz1 o

3 . Fountn~n velo ci ty distr [buttions arc Helf-rimill or, anld the sha1pe! Is ill

good agrp.emont with thatL for a c~adial :let.

4. tVoufltnitt spreading ra-tt Is indeopendent (If 0hi. 10t spacin ndIS inl

good aigreement with that mcai ured in Re ferenct 8 foFer ''ions L vol Invd' radial.

jets.

5 . IFolin to . volc'iouty do.coy is Iin rcn'Vionab Ic agreenmeit with thm. r or at rondfia1

jut, but Ole d amet er of the ecquI v11lentt (annul1111 or neZLý 1.190d tot gencrate

at adial j 1et may dupcind oil the s poe~tig S.
Iin spite of s ome remainIng un cert nintter , the analIogy he twvvrn a symme t:ri c

twol-I' f(II VA a In and an ax isymnilet'r ic cofl t ra lad rod ial. .1 et ha s boon skihi ton i;nted

hY Lhc data * The analogy permits it def tniton of 0h0 f~Iltiato I a uwash fiWF IL'Id

and , as dusc~r I bed .ill SeICL ini 6 , 1 ledS t LO mit 1OLod for irctl 'I fig) foonta I n Imp) Ige-'

IIIat fo rces oil Lith, nde~rs ide ft ,lna ii I.r frm 1`1 Someo penera ilcno IonsCAH111 reI0Inil1log
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tile Hlow In three and f~our-jc't symintqr ic fo)un to Iii-~ Uay10151) he drawn, [Ind they are,

discussed in the next section,

5., 2) Ext ens ton of Two-Je-t. lPOuntat n R14Iwo la o - 'h ru and Fouor-ILt Con f' i~iraIns

Ani Ideal l.0i'ait IOnf the I flOW tIirltApoi tas WILc11 IWO W11q01 I ax I~synmmetr Ic

WlI I - IL' Ha ii'. ' M t. Vil to il I il I 01111ilt Il 11 iIa I od (o a l ao ott I Lqt hot Wotn tHie fouinti Ill aind

:1 I-O 11 1 t)w . 'I'l IA .'1 111 c u I I etWe' 11 11 IW'I)V l q Uh l- i o t Il;It 06 by CxpeL-r I vwnt: . li Thc m

I dl., a I /d I. d ilow tii rnIiog pr,'a wl I I nk% he tii-,d to ciciltivA, fotitinto In (!on f I gti r. t I oll.-;

f or arrigouieents o 1. I-l'rci and Iloor pcrp-eucI'l I it It' ýi( I ccilli I U thrr1ih t: . I t(0tiOe

of I. ts gren ter sIimpli. [ty , I Sq cLIVe! or rangemen t oft foutr juc't s will he d [a cu~ssul

Viguru 51. Is nn idealtvord skvc' el of thek ground tipinpIngmun t process for

roor eq ual .vert Ical jets at equal. height~s II from the ground pla~ne, Along each

of' the I inea OA, (11, OC, and 012 tn Figure 51., the walt-louti arc, turned such that

the iingie 0- definied In Figure 4i2 Lm preserved. TIherefore , the rfountal n seugment a

genetated above eaich of those geparatli ' lines air-e radial fl~ows. Unlike the two-

J-t. cos e , however, these rad oil fl owsalnon g vertical platies W111 Iimp .1 ii upon otichl
other In the(- nlei I01borhond of theý vert ical, i.ne through theL 1polo t 0. Thue radial

flows are turned once agnin in thvis region, nnd it central fountain in fo)rmed

Whtose CLOW dirOct iOn iq eoxpecwted to bu primnarily vert ical, * Eam.InatI on of

FigUre 51- Alhows that only nt sect-Lor o)f the wall-i e0ta guenerated by Jots I and 2

wil.1 eon tr [hut o t~o the' fountna n segilenil above t li.e 11In no13, * 'Ii rest wil cn-

t ribute to the segments formed above the I.1Inua OC, and 01). 11k The niIlogy bietwecun

t hu fouor-I t fe un t~aln and rcidl [i t a henh orulte a d o c

F Lguire, 52. T1he ground planc 19 ''cut'' .110lopg thle dIo~golncila 013 1111 OP1 , anld 01P

and thlin f~olIdedl nlong the 1. inus OA, 03~, CC, atnd 01), Stivi that four radhial eL~ t s re

formed with originls at i1 Il stanc (S/2) he low the grcuutcl 1) one'. Note Hlint for

each radial Jet, OnL~y the sector cI

Is r l~evonti . ideud , oni1Y theL Rector ~iU' j)Will Lcnt rI hUt c to aI von -I lt'

fountain forcev. Theo Four raidioll IOL eaCoaQLesc' It p)oint 0, focnote~nt rot

founlltaln. A flow lvittvrn such o thliot Ind I Cot d Ini VigureU'), 52maVIV gnr III 11ijA~

h)Y fou r p) ýII I'al o op1po 0S logý IXI 'Y asm It ri' jet s, pr joVI dic d thatf the rod In ol )ta sre

pre~vented f'rom iimixing nolt Il t~lc' point (1 I- reached,

Figure 953 shows the imp I geMent1 pnIr ta for at rec'tango iao arrangement. ,

t~uiti I- 1W .pod I CUI all r eta(of eqfualLb Hirst, Th 'l~e' lIojj u j Ill vo e Ia anemn af dIa

-v ta 1 wo Ii I ( I n LIt Is cas COS d!1 IUOve 0 Iliped by1 ) 11l C g I, I 'c 11 it t tI n' I-he L g 1-1ioii 1i l plne
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P4??1.o34 P I

FIGURE 51
IDEALIZED WALL JETS FOUR SYMMETRIC JETS

H
- I

AI 1' ! Fountral in

0c N

o N

S/2 5 /2

P4 P1  P 1 P2  a S1

FIGURE 52
EQUIVALENCE BETWEEN FOUR-JET

FOUNTAIN AND SECTORS OF FOUR RADIAL JETS
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.1V
Pf lmpingjllmonlt Points

P4  D012 ta ll SL

(114 ( 1 2
14 2

()12 oi uti

L C oA

b~ow

FIGURE 53
RECTANGULAR ARRANGEMENT OF FOUR EQUAL, PERPENDICULAR JETS

a 1.o)n g diagon~als Oil,, 2 1 .301 01.1 mid OP4  and then foidi og the plane al ong siymme try

Iines 0A, OB, OC, and 01). The virtuial origins for the OA and OC fount~n L

isegmeo ts now lieL at ni distanc (OIL/C2) bel~ow the ground p1 ane, mid the orI g I

for I"nun 1t;At iixgrnIUotH (11 ilnd 0!1) nro locnt ed at (S /2) I)LL11W thle ground plone.

11w rei~evant rad-iAl jot, sucturs will .n ow hu

FO(Untalln iiegments OA Lind OC C
12 2

lountafl nHegments 013 and (01): - -14 2

where ~l '2 'taill SL

014 " ý2 .1.2

Ft gu re 54 duptrotsl thec 1 den I I ?e d f low piat tern for three oq wi] pi:'rpeod ciii (or
etx Ln an 1 oov. ef tr 1.ong~te al Irr~iii1 'omnt * 'rcfo~itto t11 ii M.gtlloltHiNV )I'L giir-dteLd

tn this cahe- OA , 01BI and oC. Because of i4vmIot1i':rv, OILe 1*olio tn C1n11v

1.1c, ;,long theW pe rpcnd .1cuinr hi se t orH of the t rio:ng.1 e s tdem4 The v.1rt Ial 1ovi hi h

for t he foun tnln se gon et 013 il in loat ed ait a d is tancie (S1/2) he] ow tho g round p1 inve
aind th Oi frtuAi nrfg lox For 4egments OIA nid 0c: nrl. I.OCIUIt(C! It (1,/2) he lOW tIhe
g routnd( pla ne , h equl VI IV 1.1tnt Imldii je'tH ;ireL 11W 1%ttlid- tip) hY Llaie i pIJ e or
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P1  'tI

Outer Pn: Impingement Points

Rigion

0''

P3~ L

FIGURE 54
ISOCEESTRIANGULAR ARRANGEMENT FTREEUL

ISOSCELES PERPENDICULAR JETSOFT EEEUL

oppnBmt Je~ts, wlth each pair cut~nered about each o•f tl:L! virtual orgin,, Tnh(l ~ "

relevant radial Jet sectors are: "
< *: II

Fountain segments OA and DC' 012 - 0 -,+.

Riountain (O1: ( 1 )0.
02

012 " i"l(•

P23 2Ca- -

AM in Lhc four-Jet arrangements, a ceuntral fountant Is formed above point 0,h
where the three fountain segments ampinbe ou each other.

U lo F the equivalence hetween fountain scgrnent'O and ra:dial Jets it Ci

Fpossib Ie to compute the verti.ca momentum f tut for varirous jo.t alrralngem~nts.

Thls w, Ut he: done, In thty next s:1w, Lton.
5,'3 oReina F Momentaim Flu' In segme untln0 C

The foun fo th n impingement fore i n the lders de of 54n ilrfrun, Is ru, at d
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to the total. vertical miomentum f lux inl the founLuili Flow, and cail cui t ion of1

this momentum f lux provides4 a mensure (if the maiximumi foullntin impinlgelinnt; force
nva [lab to for at parti:1cul ar Joct arran giunen . Thu [~ilnit.a in veocl oI L Is lnot

VorL tea I , so IL 1.8 InIpIOrtant to take 11th) licout.-l the, momuntuni f lux comiponents,

k! US, 11U1 II N (11C3i0o f 4V L

As dIuius-iL1 in~ IIIv 11-IVIn- HOot: loiim , synmidt-r [tl I wo-]ot I'itiiiilIns hImvi>

bkLM 1 ro h~ic:I 'd b1y irp]Iiva I ell ndI it I Its. 'oilltaiou 11.4 1r coafl Igira t iolls wI Lii

three uind (ouar pe evpendicu mr Ic ts of equal. thrust hanve been divi ded intu secgmenets

and each segment related to t~he flow from nn nppropr~i.ilte sector or a radial jet.

LSome ol! the fount.;,in 'iegmannt contain portin Lor n central fountnin, whiich hasI
been taken to be oquivalent to the [low neeratwd by the Impingement of tile
var~ious radial 3et. 4UL or. G (iven ti group of two to four verttical jets , the

cril.cul at rion of tilie Vesiii Loot fountnain ver ti al 1 runi~ruf flnu(.x req utrvIL the

following information:

I . A rolat ion betweeni titu niornuntuni flatx oif tho verti cii I1 ut:H and wal I-

Jet..,. whrich j'eoorntv tho foiintai n, mid thie rad~ial jet~s wh 1 ('1 have

2. -ilCL theV 17oun1ta.11.1

2. nr.,ton of the vortLi cal nomon Lam rCi axFur the varilous radilrI

Jl et ucors which maku up the fountalin, and for ainy ctintrol fountain

WIJJIJ 'lly JaVC 1001 Coutd by theO [-Milii gUeinen LOf t:hesne sem :orH.

lIoim *I' IH discussed bolow, mid I toi -2 Is tiit, ' lIow tog Huii oimi't.u
It 11118 been shown that when a1 circular jet Imp inges tit 9U0 to at ground

p lonae , tho to~at l mlomlent urn fla AIs IS C0nseIVed , and 11t Othu hounda ry of the

"impinigement zon"ill' In igure 12, tho total. momlentumi (liA pvr unilt a'im ionthnii

anlgle iii 0h0 waIlt-jet is equal to tho total momentumi flux por unit ilngl -cin

the f ruo- u et. Furthermo reŽ, It has been shiown tn Sec Lio 2,.3.3 that as thle wail -

C1 r:8 dUVe[op , I he toto 1irnnLnfluxita I 1nEi rumrenIIIHn hneIadc o

h iiL tho v isonus shear n tI'aon M the grounld plane~t C101-14 11ot Hignif OMI S Onti fFot

thu WL 1. i-j et dove lopmen t I t W11.1 111W b lw aSUMed t~hilt whenl two lXIHVrn~rnetrIV Wal .1-

.1 e ts a [ip In g( upon11 each o Ihiir amid formIl 11 foun 11toin1, the totatl morne t am f1lax 1W rl

unit ringe :I 1 {n jq Vi o oniIeivrd Ili the turln lg process. * IIO 0 laceL111 th Citainciflbilles

the momnentum 1ruin the Wnli 1.1 L C1ta L-101 each V eOf It, tic tot~al moment am Flux pc r

unit anigle in theL I'inilita Wil 110 C1he 11rl111 to twlieV the millile011 InnC Mix pr unilt

angle i.n at Hia I le waýi . JUt F) SI~ 1 h1 LUHI, lotl it,1n :11ii~le L I IJVii lout 1-iiiil 01 Jet iiiiVO

theL sjlme~ monoro tam C luax, i t Cal IowH (see P grepti 42) thait if
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denlote thle Ilomtentutl fl.uxeN 111 01h- verticill 1eLs , thoen

M =2M

or 2

whork Mjl' N1  t llotVoH4 tit CotIL at1 m rtilt 1111 11lIttl I' I lix I IiI ILL( riod iL I .jIL Wi Cl l~ (' 01'p ac - tlt,

k ILIt Il! I( I ll I I L 'IOW 111 a I'LlL~til t i 111 Len I H I it t lit roiL I I I (Il NI t I (m iIOLLLL ILh
t-11111L'i i V ~ i I I''01 01 1g11, 1( tit, l v' tI IihI v irt I ca I 11IILIII l 1L. Lulli I I lix I c Il I v ;I

f' rilt L onl Of thev to01111 Segiletil ' i~ onentum flux, Thu tmngnitude oF t hiH Crrction

will. ho computed in tile fol lowting suhsect ion.

5.3. 1 I deoalNormal Momentum Flux In a ountonS~in1-in Figurcis

51 , 53, and 'i4 , the wtil.1-juts I' Flowf i lid has been Subdivided Into an Inner

rog Ion and an onte r regiton. T lho houndnry ho twoun thes~e Is the polygon c(ofnstruce td(

bY C011100ie tIg H1 IVe :1( I fIpI Ingenlu IV po in ts, Since th jveLetH (Ieiir .a.1 purpendictiul ii r

and1 o~f eciun 1 t hrus t, each foun taln megrnunt will to rmi alotng -le perpendi cular

h i ector of ionh H ide of the polygon, Thus , one plirt or the roufltmbi n Hgment: iO lic t

1enH 1 par tially Inl the innur re (.0n , mid IS d nI10oted tIl' "'lonr regi on Hec tor.

'Ilh. roc t of the Hugmelnt 11014 :In tile outur regioin and Is ccirrv~ipondingly cnl. Id the
fOutotr regi-on suct~or.'' Vhe tin-r region HL'ctoI( rromi d if irtrct Jet 111ii N %'1 .1

iiLuL tx HCt to form one or mure central f nun ito isH.

.h10t WnrrIlngllfvntH wI 11.1 viow 1) L r LH r IU IL! d Lo) rasesH W v -I oI I I in vr

N%01 SUoi C to H 1 Inte rHOt withLiIn the Liner ve glon. * Te geooet rio (HIn Li go re 51.,

53, and 54 tllI sai~itify this condition,l~ F i'gure 55 ShLLW1 'I ('LIMO where t~his Im not H (

AL Cviitral Founta.ti n, the radial 11t f~o at1n gh vlri~HHgl~~t mi

Mi~ iLIChI other, T[lty Vr 1leo I mottin turn 1. lux i.jcrosm I phi One pariiLl.1..1c]l. to the ground,

IuiCated it distmtlcl z aove~ the ground, will partly come fr')m undisturbed portionsH

Of the rad to ji l. an ,OId partly from thlt, coutrill I omntiL n ot.r omoti tins. flowoe\'e

1(r cutLla 1Il foun iLn I flH wli Lch I.le within the Inne r rcg Ion , exornvi no Lion oif IF Iguo r

51 ai d 52 wiL 11, rVeve I that tLiurc isno vurt (cal muimollnin f I klx throl he I LitcernlI

aro o ti~iitno- rji~m ColH.Ijuni~ythe total ve rt: l ent molmlenhi. f11lux ilcI~oHL

p M'd I014pa*IVIe to tht' kgrOund p1 one Is indepeul.'n tit V., ;md ca~ n thu re fo ru lit,

complitod :.i V. - 0. Thilt I H, where thle. ground pcim P LneH octi ted. At tb e planev

z L, 1.t ti14111LLL 'd that: V.11( coliitr.l. fountoin haLs not; yet. illfp ed , 1111d VoI1H0 jIque t I

ILIIL Ver'ti'l 11. 1 ¶ iOiL LLk~lm f lux Ill tilIL region mny hi' 0ILLIL d f 171011 lIV M111 lLLLLil l d HI II-

bu111 lourii LIII 1I1tid fi, dul I rid Iill jet. 1oo till-S

TiI N [H not. iL HoI toliH rost rle ionl, N inct 11104tV, IL II It' i i LIN I I-ij W(MLL I ii H 10 til 111)tf1
ml Vi' t.11 l'0unt iiIl'H [11111111lgevllLnt tuore b~y ho ai~it Ll)- tI ctii ti il~d1 lojIil L Iý wi ithin Lho
1I1o rogh'* Liii, Whorr' fL will LiNIIalk I Iv IneLIt (ill 41 flycttr LI tilorillit Ilki hlfolir(L nroll.

"19
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P3  P2

OP17,0174.tI

FIGURE 55
ISOSCELES TRIANGULAR ARRANGEMENT OF THREE EQUAL JETS WITH

FOUNTAIN SEGMENTS INTERSECTING OUTSIDE THE INNER REGION
Fligure 56 Fr howB the wall .1p tH and oqir 1uivw11nt rodlal Iltt seNtors for onc

segment of a mul Lpl, u-jet fountain, 'Th. founr~tain vertictal momentum Iii thu lnunur
region suctor im cal.culnted by computtuig the vwrtifunl momentum flux In the radial

.]et sector mubt.unded by Ohu 1.11e 0A in Figure 56), Thvia fontfain vorticil momentuni

In the outer region is e.niLuhlated by computtung dhu vertical. momentum flux In the

radial jet Heetor mubtendod by n finite value of y, and then l.vtting y approach

Inifinity, Tho charactert l.oe of Qonuntralned radial jets duemrt hed i.n Reference 58

will be Used to calculate thv vertical mamentum In thu fountain mectoar, For a
Ntrip of width dV, tLh1 tmuuwa1e1'tumll flux Ill th z-dIlrutLIm IsN gilven hV

+

dt')z " 2 dx dV (69)

whuru w Ii thu radian .1 t vo Iit, [tv In thu X,-d C I cLtio1

W co HRr•I

whre VK I[ the radhlI let: .,In'cttv In the.ý 14 di rovition., ,UqUOt Im (h 11 1v I1hen lit

wrl tLttn ON

HO
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WALLo JeTSiAnD QIAETRDA FOR 11Ai FUNAI SEctorNT

al Soto P2 A.I ~ xis y

0124
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C.)

Whee >IIL~tL 0 iidL L dL'llu)Le tiLh u 11 i~ 1. al fIIaI I fu I su f I i u L u ,r lion 1t -, )I lV 'V-

Referring to Figure~ 56, ill the limit

So, for the tot~a.] sector, the vertical1, momentum Flux IF*

N , 11i + Hill 09 2  (73)

ThV H Impi u reol t EuIt Inq atin (73) may he tused Lo ctil imi tte theI ideal vvrtfrocl

MfOMOLUt urn CiuxCr the combfih tiii Ion ill ro cl ut it 14VCcLu -N wh IC MAU Up flfkaiMU I tillI V L' t

5 1 3 a 2 Woeol MometumV Lxor orwo nd Four-let lFolmiH 4L. H

jptImum Arraongemn io Th rp~and Faur-jo't floutiLa Ins - For it two-.tat rouintnii ii,

Oinglu >1) .2 Ill Figure 56 Im 11/2, and E~quation (73), then yiIeikd

nnd s ne v, it mt4hown b Fo re ,

whor 1No I do no tL L4 th0 mo1111n Lumn f 1.ux For enchI one or Ow~t two IetHi , t Em~l Iw OW1 haill

Lho I don I touniLnti I n tiiimertum Iý loiX d i V Idcd by the totall jot tHrurt wH i b

1474
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0110 1701 W111112 tilt! to(a1.oti f tnt rit vtirtI11 Ha rorentnlu is 11 iiM1xim11. TfIV condi tionnH
r ~undier which thl" ,ccu~ri will he derived.

Nfllt
1 Mti dal(t LttrcnritI n iin li: on7)Considering first tha l oiuscl triangulaur nrilmngunnnt7 In Figuire 54 and *

M 4114+1m I j iil + 1 4 ml -

121  2- -
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showing that the :iiaximum ideal fountain momentum flux is achieved when the jets

are arranged in an equilatern.l pattern.

Cotnsidering the rectangular .let arrangement sihown In FIgure 53 and summing

the rudal i.je Htictor contriblionii uoing iEquatlon (73), the total vert. lCal

momont tm flux In thec fo ln tatil heconmve

Mj Mi RI
Mi Ri1 2Mz [sin 012 + 1] + [sin 014 + 11,

where geometrical symmetry has been taken into account.

Using the relation between radial and vertical jet momentum fluxes,

the ebove may be written as:

2M R--2 M [sin 0 + sin 0 + 21.
z 1 12 14

t Dividing again by the total momentum flux of the vertical jetH

0M z 1( 7 7 )I ...- - L [sin (12 + sin 014 + 21.

4Mj

By finding the maximum value of this function, it is possible to show

that the maximum ideal fountain vwrtical momentum flux is achieved when the jets

are arranged in a square pattern.

Figure 57 shows the ratio of ideal fountain vertical momentum flux to total

jet momentum flux, plotted against S/L, for two, three, and four-jet fountains.

The F•igure indicates that the variation with (S/b) is very weak, so that

configurations whicl\ differ from the optimum equilatral triangular, or

quadrilateral square patterns will experience a very sm't1 reductlo, in fountain

vertical momentum flux.

5.4 Asymmetric Tw%-Jet Fountains

The description (I two-jet fountain flowfields has sc, far been confined to

cases in which the two Jets that generate the fountains are prirpendlcular and have

equal thrust. In Figure 58, this simplest let arrangement is labeled "configuration

A." A more complicated situation arises for configuration B, In which the Jets

are vectored as mirror images, while their thrustH are still kept equal.. '[w now-

field Is still symmetric about the plane 8, and consequently the fountain remains

planar and the fountain velocity profile Is symmetric about 8. The discussion of
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oblique jet impingement in Section 2.2.3 has indicatnd that the free :let impingement

stagnation point on the ground plane is displaced from the projectod :ot axis by

a distance ARI. Thus, the mini.mum dIstance between the Jet Impinl.nment pofht and

the symmetry plane • is g]iven by

S'/2 = S/2 - II tan oI + AI. 1 .

If it is once again assumed that in forming the fountain, the wall-jets are turnod

as if they were "folded" along the intersection between the plane a and the ground

plane, it follows that for configuration B the fountain flow is analogou" to a
radial flow emanating from a virtual origin located at a ditance S'/2 below the

ground plane. Due to the asymmetric momentum distribution in tte wall-jet, howevur,

the azimuthal momentum distribution in this fountain will differ from that for

configuratlon A. Assuming momentum conservation in the turning process, the

azimuthal momentum distribution in the fountain may b, calcuilated from the knnwn

momentum distribution in the wall-jets.

In Figure 58 configurations C and I) are no longer symmetric, so that the

fountnins no longer lie on a plnne. i'iei to n lack of data, It in impossible

to specify the fountain flowfield with any certainty in these cases, but a

qualitative picture of the fountain geometry has been established. For conifigura-

tion C, the "separation surface" (analogous to the plane B) is postulated to be

conical with the cone apex located below the ground plane. Firyure 59 depictE

the conical separation surface originating from a hyperbolic ground separation

line. The cone semi.-apex angle is denoted by a., and the cone apex lies on the

z axis, at a distance z° below the origin. The fountain flow would then be conical,

with streamlines radiating from a virtual origin at the cone apex. A conical

separatiqn surface has several properties which make it plausible:

1. The intersection of the cone and ground plane Is a hyperbola, and It

will be shown that this Is compatible with the separation lines

calculated in Section 3.2.2.

2. With the fountain velocitv vectors located approximately along

generatrices of the cone, the fountain streamlines are straight.

This is consistent with a constant pressure, free turbulent flow.

3, As the jet momenta Mr and M become equal, the cone semi-apex angle can
F A

approach n/2, and the planar radial flow postulated for configuration

A Is recovered.

Section 3.2.2 has described calciulationt; of the wall-jet separation lines

For a pair of vertical jets operating at different thrusts. Results of these
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FIGURE 59 i
FOUNTAIN GEOMETRY FOR PERPENDICULAR JET$ OF UNEQUAL THRUST

cr;Iculiotns have been used to obitain an expression for the aisymptotic nngile of

a hyperbolic fit: to the separation lines, and thus Iio the conical fountain's semi-I

apox anglte. The points in lFigUre 6 0a indica~te the nsymptotic ang1es measured from

the exact nurmericnl results. The dotted line iii the same Figurp. shows that thle

points are closely approximated by the expressiion

1 /2

an(% ..6) (M A MirV)(8

I - (M /M)
A F

Thu. Iocntion of the conne apex v. MAY b obtained from the loc~ation of. the

supairat ion, point P oin the x axis of Figure 59. F rom, the F~tOagoatiofl line i
equlotions It may he shown that for two perpendikuiar jetst

1 - (M /M)
A F -. (79)

:.+ CM /M )
A F
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wherre

xi 2x 1/S

From the geometry of Figure. 59

z _ x tan a

where a hat again denotes normalization by (,9/2) ,and using E~qua~tons (78) ,lnd

(79)
*1/2

(1-56) (M A/M F
z - ~ -r (80)

1 + (M A/M F

A pint of Equation (80) h, sihown by thle dottedt 'Ine In Figu~re 6011. EcIllatinn
(80) does not approach the correct limit
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z

asa

(MA/MF) - 1.

Adjusting constants in Equations (78) arid (79) so that this condition iH

satisfied yields the relations
1/2

2 (MA/MF)
tan a o- -- % -,- (81)o i*- (MA/M )

0 1 (mA /m11

1. /2
2 (MA/mF)2 - A (82)
S +(MA/MF)
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E, quations (81), nd (82) are plotted as solid 'ineR in Figures 60n and 60bI

respectively, For (MA/MF) > 0.5, Equation (81) still provides a good approxf.-

macion to the computer program results. Equations for the complete stagnation
] In may LLow be written. Choosring the numerleal. constants for the correct

I [miting behavior as (MA/ME) 1 , and for a good Lit to the ealculated results,A F

thi clquati.ons arre:

( 1/2 r -2 1/2

1 (M A/MTP) L2 MAM

for 0.5 < (M /M < 1

nd (1.56) (MA/MF)-2 A/ 2 ./2(AA • ,i 2 1" (MA?

1I- (MA/MF) + (MA/MFj)

'+for 
r ('A/M' < 01'5'-["

These equations are compared to the computer program calculations in

Figure 61.

The above discussion has provided a plausible qualitative description of the

fountain geometry for the case of two jets of different thrust impinging per-

pendicularly to a ground plane. In order to compute the force generated by such

an asymmetric fountain on an airframe, data on fountain velocity profiles and

spreading rates are required, This information Is not currently available,

Indeed, the whole description of this asymmetric fountain geometry is speculative

at present, and requires experimental verification, When the jets have different

thrust arid are vactored at differeni angi es (configuration 1) in Figure 1)8) the

picture is complicated still further, It may still be possible to postulate

a conical fountain flow for which conditions vary for each meridional angle.

The overall fountain geometry might still be obtained by adjusting cune parameters

to fit calculated or measured values of tOe fountain se, aration line.
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6, FOUNTAIN IMPINGEMENT ON A FUSELAGE-WING

A description of the fountain flowfieldR Renerated by two to four circular,

vertical. jets of equal thrust impinging on a ground plane has been given in

Section 5, The total, ideal vertical momentum flux generated in such fountains

has also been ca.lculated. This section describes how this vertical momentum

flux is converted into a positive normal force when a fountatn strikes the air-

framn unndersurface. It has a]sn been found that in addition to this positive

impingement force, the fountain induces a negatLve suckdown force. This force is

to be added to the suckdown forces generated by the free-jets and wall-Jets, and ic

lb related to the fountain entrainment. An approximate method to account for the

fountain suckdown force has been derived, and is also described in this Section,

In a parallel MCAIR IRAD effort, (Reference 23), an apparatus to simulate two

and four-jet fountain configurations was designed and fabricated. The forces pro-

duced on a representative aircraft configuration by these simulated fountains were

measured. The experimental forces have been compared to the sum of predicted foun-

tain impingement and suckdown forces, and the results are described in this Section.

6.1 Two-Jet Fountain Impingement and Suckdown

In Section 5, the flow in the fountain produced by two circular, vertical jets

of equal thrust has been shown to be approximately equivalent to the fJow in a con-

strained radial Jet, This analogy will be used to calculate the pressures induced

by fountain impingement, and the terms "two-jet fountain" and "radial Jet" will be

used interchangeably. Based on available data on the pressures generated by the

impingement of two axisyvmetric wall jets, a simple relationship between local jet

dynamic pressure and the pressure generated on the surface upon which the jet

impacts has been obtained. This relationship is used to calculate the force generated

by the radial jet impingement on an airframe undersurface, The calculation of two-

Jet fountain suckdown forces is also discussed in this subsection. The simpler case

of suckdown produced by a radial jet impinging on a rectangular wing is discussed

first, and the more complex case of a trapezoidal wing is discussed later,

6.1.1 Fountain Impinzemeit Force - The constrained radial jet used to represent

the two-Jet fountain is an axisymmetric, turbulent flow which spreads out from an

annular nozzle and whose width grows linearly with distance from the nozzle radius

(See Reference 8 and Figure 48). Referring to Figures 42 and 43, the analogy between

radial Jet and fountain implies that the radial Jet development on each side of the

symmetry plans is approximately equivalent to that of the corresponding wall Jets

which merge to form the fountain, It has been postulated (and experimentally confirmed)

that when the wall-jets turn to form the fountain, the velocity components normal.

to the plane of symmetry are rotated 900, and the tangential components are unchanged.

93

~ '4 '* A' '2'.



(See the enlarged sketch In Figure 42). It .[F- postulatud thol .ho sum0 a

turning process occurs when the radial jet impinges on the undersade of an air-

craft ,ianform. Figure 62 dpiLcts the impin-emont of a radial jet on a rectadfl~lar

plate, for a cumpletely symimutr.Icau.i ttuation. The ectu.Nrs of thL radial jot wlifoh

(10 110t I mphlgu On tLe p1 late are l aSSUITmud Lo rvnil Inti 1ind1.s t1i t led. Th1 dOf 0i tted H,.! t)L "

Ls varst sp)l t al.ang tho I. ine 1L, and theln deflecteud such t'.hL thL l ot'Ie l W 0 "1 (

(S def.ned in Fl.'gre 62 1s preuervcd .In hiW turn nig pro 'ess, Th' direct:Il.m of Lhi, I low

along thu plate undursur ftace WOuld then be as indlcaLud .i n tht: Figure,

U100lolo int• Directiot

spctor 0 ,hltruf€
.i t

Deflecta'l

FIGURE 62 O,,.03,.,*

IDEALIZED RADIAL JET SPLITTING AND TURNING UPON
IMPINGEMENT ON A RECTANGULAR PLATE

6,1.1.1 Pressures Generated byAxisymmetric Wnll.-Jes Irnpingins- on Each Other -

It has been assumed above that the turning process when two wall-jets meet at a p-iane

of symmetry to form a fountain is thu same as that when each half of a radial. jet

encounters the underside of an aircraft planform. Consequently, pressure data obtained

for the former case can be used to derive tn expression for calculating presturus in

the latter case, For a symmetrical, two jet arrangement, Reference 24 contains measured

pressure distributions along a line which corresponds to the intersection between the

ground plane and the plane of sytmtetry (y axis in Figure 42). It has been possible

to relate the measured pressures to the peak velocity which would exist at each poinL

P in the wall-jet, if the jet continued as a free wall-jet.
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The baa.Lc concept is that the presauru distribution caused by an impinging tur-

bulent flow can be calculated from the undisturbed dynamic pressure normal to the

surfa o. - Thus, the peak pressures generated when two wall-,Jots impinge on each other

ar, U, At-ed to the pv,,k dynamic pressgircs on tho wall-Juit profiles,

Reofrrting once again to Fl).,ure 42, the wall.-juts devel-op along the ground plane

'It cHHOM tI 1, . V OIInS tMnt M tuLJ.l pressure , u0 .tidO of reg i.ons In thIte I.imn.diato neigh -b -

h1od tif thI Impn ln L'munt pointst4 1. and 2. Near the, (y, z) pIan: of miymmetry, th, wal l.-

Ls• i tu r• and form th1w fountaina . II th i4 t tLurni.iij prm-. ,I4s, thL. p rci4SHM1*P On 11 o t 111'¢Iinld

plane increases, since the wall-jet flows are retarded, 'the pressure reaches its max-

inum value along the y axis, and this maximum may be calculated by relating it to the

peak velocity In the wall-Jet profile, U (r), Results in References 7 and 8 indicate

that for normal impingement of a round jet on a plane, the peak velocity in the axis-

ymmetrie wall. jet far from the impingement point may be calculated from:

" U H(1.,97) (85
R'- - (850

where: V * jet exit velocity

it - nozzle height above ground plane

Rje N nozzle exit radium

'This equation holds for an establiilhed wall-Jt far from the impingement point.

At a po tit P along the y axis where the radial wall-jets interact (see Figure 42),

it i1. postulated that the pressure is given byi

.1 U cow2 0

1m 1- 2 inU

or 2
*m m~ 2

p PJ P• je

Substituting Equation (85)

C= (1.97)2 le cos 2  Q

and since

2r

and along• Oie v axis

S[y2 + (S/2)211/2
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this may be written in the form:

2 2 2

- (1.97) ,2 (86)p [<~~~2y2 ,2..

It must be noted that Equation (86) i1 independent of the nozzle height H. ThtLS

ncl i Luon is supported by the data or Reference 24, Ft!gure 63 compares Fhuat~lon (86)

to the data of Reference 24 for four values of Lhe nozzIC spacing S/fl . The agrecinent

vk Ž very ;ood, except for the uaSe

/Dj

Tn this instance, the nozzlas are probably so close together that the wall-jet has

not become fully established prior to the fountain formation.

0.24
,,=, S/,.8Dig - 4

0.20

- -- -- Datn oRforr'ncit 24)

__- IEquation (86)

H/Die 3 ,0

0.12

7

004 \ -h

0
0 1 2 3 4 56

i (in ,) aP7o3r4.o 'S,~

FIGURE 63
PEAK PRESSURE DISTRIBUTIONS BENEATH FOUNTAIN
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'ihe basic assumption that the peak pressure generated by the impingement of' two

rdial w'ill jets is equal to the normal component of the maximum dynamic pressure in

the wall Jet has therefore been substantiated by the data,

6.1.1.2 Pressures GeneratedQby Fountain Impingement on an Airframe Under-

surface - figure 64 illustrates a two-jet fountain, represented by a radial jet

with origin at a distance R below the indicated fuselage reference point, and0

with initial radius R, . It is assumed that ambient pressure acts on the planform

upper surface, it is further assumed chat those portions of the annular jet which

arc not blocked by the planform are unaltered, and do not in any way affect the

jet impingement force on the aircraft. The net force on a strip of width dy will

then be:
x (y)

dFz -[ (p -p,) dx] dy
T(Y)

where xL and x denote the upper and lower limits of integration. Replacing the

aircraft by its planform, and equating the pressure difference to the .Irmal component

of the jet dynamic pressure:

x T(y)

Since the radial jet has a finiL.L• width, the radial jet momentum is distributed in
a neighborhood of the plane x w xo. The croushatched area in Figure 64 represents

the"footprint"of this region on the planform located at z - 0. It is assumed that

(for a configuration without stores or flaps), the pressure decays to ambient values

outside this footprint region, Consequently, the integration limits x and xL are

determined by che shape and location of the fountain footprint, since the only non-

zero force contribution arises from the area common to the strip and footprint,

indicated by the double crosshatching in Figure 64,

The data of Reference 8 are used to analytically define the radial jet velocity

distribution, which then leads to an integral for the total fountain impingement

force, Letting Ax denote the total jet width, the data of Reference 8 have shown

that for a constrained radial jet:

x - Kt (R - .), (88)

I and from Figure 641
R [R2 + y2 1/2
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0j C

the inter-section betwceen the conically shaped annular jet and the plane z w 0. The

constant K tdepends on the location of Lhe annular jet boundary, which is presently

defined as that value of x for which the velocity has decayed to a specified fraction

of the peak value for the profile at that point. The data of Reference 8 indicate

that for the half-veiiocity boundary

Kt- 0.212

and then,

iAx 5 (0.212) (R - R (90

This boundary is shown schematically ir, F~igure 64. It was felt that a greater fraction

of the velocity profile should be included, however, and the boundary at which
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VR
R- 0.01

V
max

was chosen. It is shown in Figure 8 that the self-similar radial jet velocity profiles

are well represented by the universal function:

VRVR. sech2 [(1.763) x (91)

V Tx

and this equation can be used to show that, if Ax* denotes the 99% velocity boundary:

Ax* - (3.394) Ax5

which in Equation (89) results in:

(0.719) 3 + (y/R ) R(
0 1

This equation permits calculation of the radial jet's footprint on the airframe

undersurface. Since the annular jet velocity profiles are self-similar, it is

advantageous to write Equation (87) in similarity variables. The equation is

first written as:

dF (L
1 P- V 2 coo 26

dy 2 m J

where

•!mX "x

Normalizing the force by the total annular jet momentum flux

M 27rp R V 2 Axj

and normalizing all distances by Ro0

rVm 2 Ro V• _
mF 1  V 2Cos2  1R0  fL V) dt,

dy 41 xj j V

and defining
X - X

0 (93)
Ax
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2 2
_1 V0Y, R .X5 2OVR

4 '\V \R;)(/\°" rf (5) (94)S~.IT

Tt has been found in Reference 8 that the maximum velocity in the Jet may be

repreieuted by r sn t 1 / 2

VM (2,496) -Rix (95)

Using Equations (90) and (95) in q.4)

d7 (22_1 co 2 6 G(T, T' (96)

where

G &L (VR/VM) 2d

CT

Using Equation (91) for the velocity profile, the function 0 may be integrated

explicitly. The result is

G*(1.763)1 3ah~ tanh3

where

•*- (1,.'63)

From the geometric relation

R 1
cos -2 + 2 1/2 (+ 21/2

2

thc y-integration may be written out. The final result for the fountain impingement

force is:

(0.374) y [tanh&* tanh 3 C1

27r J -2 3/2 ~ ~ y(7~
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and x

- (1.763) [=Z-- 2 ] (97b)

fn the limiting case of an infinitely large plane (F* ÷, Y-, y -• •), it may

be shown that Equation (97a) reduces to

z 27T

and consequently the total impingement force coefficient on an infinite plane would

be

C 2P~
CN =2z 2r (8

This is half the value given by Equation (74) showing that the normal forct

coefficient gettcrated on an infinite plane is one half of the total vertical

momentum flux in the fountain, This implies that there is a vertical momentum

loss in the impingement proceass The difference occurs because the normal dynamic

pressure, rather than the normal momentum flux hae been coaverted to normal force.
The dynamic pressure leads to better agreement with data and will be retained,

althougý, it is realized that it results in the above anomaly,

Equations (97a and b) have been incorporated into a computer program to calculate

the fountain impingement force. The aircraft planform is subdivided into strips

of width Ay, Ar a given value ofC Xo integrr.r.L.n limits (x T and xL at tha curLter-

line of each strip are determined from a drawing of the aircraft planform and
fountain footprint, analogous to the plan view in Figurn 64. Equation (97a) and the
fountain width distribution given by Equation (89) scale with R , so as R increases,

the aircraft planform shrinks and a smaller section of the annular jet is captured,
thus reducing the fountain impingement force, The integration limits are input to

the program, and the integral in Equation (97a) is calculated. For symmetric situ-

ations such as indicated in Figure 64, th, resuIL may be mulitiplied by 2 to obtain

the total impingement force, For an offset fountain where the axes of the opposed

jets do not coincide with the \-axis (yo M 0), the computations would be carried
out separately for each side y > y and y !yo . he hyperbolic functions in the
integrand of Equation (97a) remain constant for F,* > s,* so the input cao be

.99'
simplified by selecting the wing trailing edge (or leading edge) for the integration

limits, whenevwr their x coordinates exceed ax, 99q/2I,

b. 1..2 Cnlculation of Fountain Suckduwn ForcI' - Extiminathin of data obtained
from the tefst prgram to be described In Section 6,3,1 rr;eI.V s that the LalIc'IIfa ted
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fountain impingement force dows not account for all the forces acting on the model.
Although the calculation predicts the shape of the normal force curve obtained as
the fountain impinges along different fuselage stations fairly well, the magnitude of
this force, and in some cases its sign, were incorrect. Furthermore, the calculated foun-

tain impingement force decreases as the distance R0 between the virtual origin and the

airframe (see Figure 64) increases, whereas tlie clata revealed an opposite trend over

a considerable range of R , The reason for this behavior is that the founLain induce,

a Suckdown force, in addition to an impact force.

Figure 65 shows a symmetric two-jet fountain impinging on a rectangular
plate, Ac before, the fountain has been replaced by an equivalent
radial jot. In this instance, however, the radial let issues from
a slot cut in the ground plane, with the plate located at a height H above this

plans. This slot is shown in the section view A-A. The radial. jet and the rlow
along the plate bottom entiain mass from the surrounding medium, Consider a control

volume bounded by the plate lower surface, the projected plate area on the ground

plane, a.id the lateral area of the volume bounded by these two areas, Continuity
requires that there be a net mass flux of externan, air into this control volume, to

balance the mass flux entrained by turbulent portions of the flowfield. This influx
from the surrounding medium is responsiblo for reducing the pressure on the bottom
of the plate, and creating a suckduwn force.

Ground .. ... . "- " " t

Assumuod Dinflected
Fount.ain RStrenmilne Pattern I |

S•... ,,.--virtual
V,: Inflow Velocity euired Origin

to Provide Entrained equ-SM asi Flux Ao - S/2

.1' , \ \ \ I I I I i

F P Section A-A/ / ' \ ,SaatlX. A.

FIGURE 85
FOUNTAIN IMPINGEMENT ON A RECTANGULAR PLATE

Origin of St'ckdown Force
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6.1.2.1 Fountain Suckdown Force foL' a ROctan&ular Plate - An approximate means 4

of calculating the fountain suckdown foruce has been devised. The calculation ia

carried out in two steas. The first step estimates the total excess mass flux in
the turbulent flow out of the control volume described in the previous paragraph,

The second step estimates the pressure in this control volume by calculating the

Inflow veloctty for a one-dimensional flow which supplies the excess mass flow across

Th, cuntrol volume's lateral area.

To calculate the mass !low entrained by the turbulenL flow, the flow turning

geometry discussed in Section 6.1 and depicted in Figure 62 is used. The flow

direction on the plate bottom will then appear as shown in the plan view of Figure

65, It is assumed tnat after the radial jet is split by impingement on the bottom

of the plate, each half continues to entrain as if it had not been turned. Con-

Requently, the total mass flux entrained on sac) side of the radial jet's plane of

symmetry is the same as if the turning caused by impingemeut had never occurred. The

total excess mass flow out of the control volume is therefore calculated from a dia-

gram such as that shown in Figure 66. This diagram is obtained by "folding" the
plate planform along the fountain impingement line PQ in Figure 6D. For the sym-

metric case in Figure 65, the diagram on both sides of the fountain plant of symmetry

is the same. If the fountain impLngaed at a distance x0 from the plate midchord, then

for x ' x0, the plate upper edge in FigurL 66 would be at:

zaRo +• x°
z. 0  2 0o

and for x aX, the upper edge would lie at.

z + X
o 2 o

To compute the net mass flux entrained into the control volume, it is nece,.sary to

calculate the mass outflow normal to the linen

AB, BC, and CD

and subtract from thisthe mass influx across the line AD, Constrained radial jet

data obtained in Reference 8 are used to calculate this mase flow. Since the flow-

field is symmetric, it is easier to work with the right hand side of Figure 66.

The net mass flow normal to the line OC is given by

Pl p 1 VcosO dxdy P V con() dxdy (99)J+ R Jc Z " H -h
o o o 2 o o
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FIGURE 66
FOUNTAIN MASS FLOW DIAGRAM FOR IMPINCEMENT AT

MIDCHORD OF A RECTANGULAR PLATE

and normal to the line CD:

2' f f(VR sine) dxdv (100)

rhe x-integrationu can be carried out using the self-saimilar properties oiL

the radial jet velocity profile, and the data of Reference 8%

Jv dx - (V Ax f
0 0

Using E~quation (91) to represent the correlated velocity profile, this bocomes

dx *(Vi Ax) f 880 2 I(1.763)(~.-4 d(-2-)
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A

and carrying out the integration, the result in:

,, Vm Ax5

VR dx V (1.763)'

0

In Reference 8 Witze has shown that the radial j•ot half-velocity thickness grows

as

Ax: (0.212) (R - R) (101)

5
ani the puak velocity decays ani

Vm (2.496) v (102)

where V - annular jet velocity

R - radius of annular jet nowle.

Ax - width of annular jet nozzle

Then, us.ing Equationtm (101) and (102)

Ax 5 Vm 0 5291') V t Rý X ' (103)

For simplicity, it is asumed that R >> Rio so that with Equation (103), the
veloc~ity inotegral beooment

(I X , (104)

From Figure 66

R + c/2
coIe (105)

or

R - H

cose 0 (106)
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Substituting Equationa (104) and (105) or (106) into (99)t

(Q."OO)(•°°){l 7T7 R+ - - H )_) d
R + 2 + .)+y

0I 0

and carrying out the integrations:

ti (0 .300) PV) (itl[ (/2 ) - + 1

2

-(R -H) [n(i9 R b/2 H b 2H + 1(107)

To carry out the integration in Equation (100), note that

Nino=

Using this relation, in addition to Equation (104), Equation (100) may be integrated

explicitly, and the rpinult isi

rh0(0.300) pV ~ ( q. tn ~( /)4 rR b2 2 (108)
IR0- H) + Oo- 1i) + (b/72-)-,~

Combining Equations (107) and (108), the total excess mass flux out of one quarter

of the control volume is:

d. (0,300) PVl 7 K (109)

4

whe re

K-R+ )Z + bi 2 +O
0 2 T1 R+ci7 2 i-R c/ i
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(R H) gn 21 2 + + J +

(R + (b/2+)/
-22

(R[ - H) + (- -H)Io + (b -

Referring to Figure 65, it is assumed that a one-dimensional. flow across one quarter

of the control volume's lateral area mupplies this excess mass flow, so

*pVs AL,(11.z, - v A 1r.

whe rii . 12

4

Assuming ambient pressure acts on the plate upper surface, the suckdown force

will be given by

F. *(Pb p) Aw (1,13)
El ( b wI I

4 4

where
be

A • 1 -4

Pb V 2 (114)

Using Equation (1l1), the suckdown force then becomes

I 1 A2•- AL1,
LII

"SUbs~ituti1ng from Equation (109)0
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:AA

Fm - (0,045) " 4 [p V A K2 (115)

_A41/4

Thti total suckdown forcL' Is given by

F 4 F
'1/4

Defining a force coefficient by normalizing by the total radial jot momentum

flux:

* (lib)
Ca

j i-

and substituting for F

A
CN I. (0.0286) AW/4 K2

"2
ll/4

Substituting for the planform and lateral area

C8  -(0.0286) (bc ] 2  (117)I(b + 0) H2 ILT

where K has been given in Equation (110), The following case haý. been calculaLed.

h - 20 in

c - 8 in

,(R0 -H) = 2 in

R 4 - 9 in
0

Foi. the case where the fountain impinges at midchord, the results are shown in

Figure 67, The fountain auckdown force calculated according to the above equiltiona

is shownl, The force is negative and increases towards zero as R0 increases The

fountain impingement force calculated by the method detailed in Section 6.1.1,2

iis also shown, This force is positive and decreases in magnitude as R0incren°u
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FIGURE 67
CALCULATED FOUNTAIN IMPINGEMENT AND SUCKDOWN074

FORCES ON A RECTANGULAR PLATE

The resul t of sluming the two effects io a positive force which init'olly increases

with R., and then decreases as the negative muckdown c.ontribution approaches zerm,

In the fountain muckdown calculation, the radial. jet thicknesm has not been

taken into account, and the radial Jet "footprint" has not been considered, as was

done for the impingement force, Furthermore, it has been assumed that the ambient

air influx occurs across the entire lateral area of the control volume, In reality,

part of thin area is occupied by the turbulent flow, While rafine-

ments to the method to take account of theme factorti couLd be developed, the mal.n

objective has been to obtain approximnte answers that yield the correct Lrendg,

6-1.,22 Fountain Suckdown Forco for a Trapezoida]. W•i•j - Figure 68 shows the

geometry relevant to the calcul.ati•on of the fountain suckdown force for a trapezoidal

wing, In the sketch of the wing geometry, the radial jwt. repreejnting the fo',-,ntain

is shown to impinge at a distance x foiom tOit origin. As in the rectangular plate

case, the mass flow diagvams are obtained by "Folding" the wing plianform alng the

intersuection line with the fountain plane of ,ynmuetry. Th1u 2xL,ees maims flu:, out of

the control volume hounded by the wing undersurface, its prolecion on the ground

plane, and the lateral area between thare surfaces, is L2alculhtud from the umoo flow

diagramm 68a and 68b, Figure 68a Lndicatas the geomotry for x x>,x In l I s ease.

the mass outflow in calculated from one-half of the radial. JUt nasS flow acLromsM the

S......... i -_I • i i i i i i i, -". ... /" A
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boundary A'B'C1D'E'F'G'H', and the inflow across the boundary A'H' is subtracted out.
Note that the shaded areas in Figure 68b do not contribute to fountain entrainment,
since according to the assumed radial jet impingement process (Figure 62), these areas

are not wetted by the flow.

The calculations proceed as in the rectangular plate case, except for the outflow
at the swept wing leading edge. Roferring to Figure 68a, the mass otflow across

Cle line CD is given by:

Ai m f, J. pVR coa (Y-0) dxdwIR
0 0

Since is cos y * dy
Yf

fe fR osy9-0 dxdy (118)
e f j P cos Y

0 0

Using Equation (104) for the x integration: Yf

e- (0.300) pVj AxZ i cos Y dy (119)

0
The equation describing the swept leading edge is:

z = - (tan y) y + (R + x) L(20)

Consequently, along the leading edge

- (tan y) y + (R + x )

as. e - Ot(121b)
any) y - (R + xt)] + y1/2

Expanding the cosine term in Equation (118) and ucing Equatlons (121)

i J Yf___________ _/Te" (0.300)oVj )x R R + xt f y2

0 eos 2
1 - 2tany (R0 + xt) y + (R° + x d
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and carrying out the integration:

S(0.300) -1  (122)

where

K 1  (R + X cos y Zn Yf s1ay Cos y + xt) +Yf 2 2 siny cos y (R + x) YFo t1
cos y (RK + x ) (1- in y) 1/2

+ Cos y (Ro + x2j >

(123a)

and Yf t L .t (123b)
tany

Equations (122) and (123), in addition to mass outflow and inflow results

along the other boundaries indicated in Figure 68, have been used to calculate.

the suckdown force due to radial jet impingement on the undersurface of a trape-

zoidal wing planform. The results are presented in Section 6.3, where they are

compared to data from the fountain impingement test program described therein,

The methods for calculating fountain impingement and suckdown forces for two-

jet symmet~rical fountains have been extended to multiple-jet fountain configurations,

The general technique, and its application to a four-jet fountain configuration,

are detailed in the next Section,

6.2 Multiple.I-Jet Fountain Impingement and Suckdown

As discussed in Section 5.3,1, the various fountain segments which make up

three or four-jet fountain configurations are subdivided inzo "inner region sectors"

and "outut region sectors", The inner region sectors interact to form a central

fountain, which Is not currently well defined. However, it has been argued in

Section 5,3.1 that in the inner region, the total vertical momentum flux across planes

patallel to the ground plane "nust be conserved, provided the -entral fountain is

confirned to the inner region. When calcotl;;ting a multip½l-jet fountain impingement

force, it is necessary to consider the footprint of the inner and outer fountain

sectors on the aircraft planform. Because of cooservation of vertical momentum in

the inner region, 6s long as the innrr region footprint lies wholly within the air-

craft planform, the fountain impingement force due to the inner region segments will

be independent of height above the ground plane, The outer region sectors will behave
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as in the two-jet fountain case, contributing a decreasing amount to the impingement

force as the aircraft height above the ground plane increases.

The calculation of fountain suckdown forces for multiple-jet configurations is

greatly complicated by the presence of a central fountain and interaction between

various fountain segments after they impinge on the airframe undersurface, For

example, Figure 69 depicts an idealized flow pattern caused by impingement of A

four-Jet fountain on the undersurface of a square plate. The planes of symmetry

of the four radial jets which represent the fountain intersect the plate along the

lines OA, OB, OC, and OD. The segments 0012, 0023, 0034, and 0041 correspond to

the inner sectors, and the square PP 2 P 3P4 defines the inner region. The idealized

turnin[; process illustrated in Figure 62 yields the streamline pattern depicted by

the dotted lines in Figure 69. This overall pattern has been highly idealized,
for the following reasons:

1. In the neighborhood of the point 0, central fountain impingement occurs,

leading to an unknown streamline pattern,

- B
P3 -- '- - - - P2

/It/v,'-I/IN

c

,I,

p3  023 \ \
FIGURE 69

IDEALIZED STREAMLINE PATTERN FOR A SQUARE, FOUR-JET
FOUNTAIN IMPINGING ON THE BOTTOM OF A FLAT PLATE
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2. Along the diagonal OP1. OP2 1 0P 3 , and OP4O the flows along the plate

undersurface interact with each other,

The central fountain and the flow near diagonals OP1 , OP2 , OP3, and OPN

may well. dRvelop as turbulent flow. with entrainmont characteristics which
differ from those for the radial jets which generate them. These entrain-

ment characteristics are completely unknown, so for computational purposes,
the following assumption will 1he made:

o The central fountain and the flows generated by interaction of flows along

the plate undersurface do not entrain any excess ambient air,

4ith the above assumption, the raDial let entrainment rate is assumed to exlit
along each one of the sectors BOPI, BOP 2 , etc.

Four-jet fountain impingement aud suckdown forces have been calculated for the
configurations in the program detailed in Section 6,3. A description of these

calculations is included in the sections following.
6.2.1 Calculation of Four-Jet Fountain Impingement Force - Figure 70 shows the

planform of the model tested in the fountain impingment experiment described in
Section 6.3, and a front view of the model orientation relative to two of Lhe four

radial Jets which simulate the fountain. The planes of symmetrv uf the four radial
jets intersect the plane of the model planform along lines OA, OB, OC, and OD, The

eight-inch square defined by the radial jet conterlines bounds the inner region.
For the cases calculated the inlet region center lhas directly below the model

reference point. Calculations have boon carried out for varying values of R
0

R 0 5, 6, 7. and 8 tLches ,

In Figuire 70, the inner and outer region radial jet sectors are shown by different

crosshatchiug. T'h e

VR/Vmax - 0,01

footprint defined in Section 6.1.1,2 is shown, For the outer region sectors, the
impingement forcc is calculnted hy the method outlined in Section 6,1.1,2, For the

inner region sectovs, it is assumed that the entire tiiier region footpriut is cap-
tured by the planform. Consequently, the conservation of total vertical. momentum

flux,discussed in Section 6,2. permits calculation of the inner region impingement
force, without requiring detniled knowledae of the central. fountain'14 flowfield,
The inner region force is equated to one-half of the vertir.Al momentum flux

in the inner jet sector, computed at z a S/2 (see the sketch in Figure 70). From
Equation (73) in Section 5.3.1, the force transmitted by each of the inner region

sectors is:
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iSi

F sin 0 (124)~Z 2~ 41 1i62

For a square jec arrangement, 01.2 'ir/4; so for all. four inner region sectors,

since the Jet radial momentum fluxes are all equall

F ota 4P u (0.225) (125)•, ztotal (125)

Ti

The total fountain impingement force is then calculated as follows:

PF =F +2F +F + F
Z total Z 1 2 wing Zforward 2aftL•. :total

Swhere

F - normal force Induced on one wing panel by the fountain outer
Zwing sector.

w :forward- impingement force induced on forward fuselage by outer sector

l - impingement force induced on aft fuselage by outer sector.

aft

The impingement normal force coefficient is then defined as follow@:

F
•: ,CN Ftotal

N1 , -- (126)

This normal force coefficient is combined with a suckdown force coefficient to

obtain the total force acting on the model. Tht calculation of fountain suckdown

forces is outlined in the neyt Section.

6.2.2 Calculation of Four-Jet Fountain Sunkdown Force - Figure 71 shuws the

idealized flow pattern created when a four-jet fountain strikes the undersurface

of a trapezoidal wing planform. The wing dimensions correspond to the theoretical

planform of the model tested in the fountain impingement experiment d2scribed in

Section 6.3. For simplicity, the presence of the fuselage is neglected in these

computations, Figure 71 shows one-half of the flow pattern derived for the square

plate case in Figure 69, superimposed on the trapezoidal wing planform. The inner

region is defined by the 8 in. square. As described in Section 62, it irs assumed

that the central fountain and the flow interactions near lines OB, 0D, OF and OH

do not entrain any additional flow. Consequently, these lines constitute buundaries

at which the total entrained mass flow is to be computed.
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FIGURE 71
IDEALIZED FLOW DIRECTIONS ON TRAPEZOIDAL WING UNDERSURFACE

AFTER FOUR.JET FOUNTAIN IMPINGEMENT

Fountain mass flow diagrams analogous to those shown for two-jet fountain suck-
down in Figures 66 and 68 are set up. In this case, however, the wing planform
is to be "folded" about the two lines, AOE and GOC, The fold along AOE is performed
to calculate the entrainment from the fore and aft radial jet@, whose planes of
symmetry go through this line, The fold along GOC is performed to calculate the
entrainment from the left and right radial jets, whose planes of symmetry go through
this line, Figure 72 indicates the mass flow diagrams in the x-z plane, with the
wing planform folded along AOE, The ground plane is located at a distance H below

the model. For the rugion located at

X > 0,

the entrained masn flow is computed as followti:

Entrained mass flow - Mass Oumflow at AtABOC' - Mass inflow at A'O'
For the region located at

X <U
Entrained mass flow a Mass outflow at O'ODEE' - Mass inflow at 0'IE'

These mass fluxes are calculated by formulae analogous to those used for single
radial jets striking rectangular and trapezoidal wings, as described in Section 6.1.2.
The suckdown forces acting on each portion of the wing are calcul.ated by requiring
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MASS FLOW DIAGRAM IN x'z PLANE

an inflow velocity across each lateral area to supply the entrained mass flow,

and relating thu velocity to a pressure as described in Sectiun 6.1.2. The calculations

associated with Figure 72 permit an estimate of suckdown forces for wing area segments

ABO, ODE (sei Figure 71), arid their mirror images AHO and OFE, To calculate the

rest of the suckdown force, the mass flow diagrams in Figure 73 are used. For one

half of the section at

x >0
Entrained mass flow * Mass outflow at OQ0BCCc - Mass inflow at O'C'

and for one half of the section at x < 0:
Entrainad mass flow - Mass outflow at O'ODD" CC' - Mass inflow at O'C'

Note that (as is the aingle radial jet case), part of the wing area is not wetted

by the impinged flow, and may then be left out of the calculation, The calculations

associated with Figure 73 permit an usti.mate of suckdown forces for wing area seg-

ments OBC and CD"DO (!4ee Figure 71); and for their mirror images ORiG and GF"FO,

After i;he lengthy computations described above are completed, the suckduwn

forces for each part of the wing area are summed, and a total suckdown force

coefficient is calculated. The results obtained are compared to data in Section 6,3,
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6.3 OMj.rison of Predicted and. Experimental Fountain Forces
AF, part of the MCAIR 11WA) program described in Reference 23, a fountain gener-

ator was designasd Lnd habricaited, This apparatus is capablo of simulating the
fountain generatLd by a pair of cLvcular, perpendicular Jets of equal thrust, or

by four circular perpundicular Jets of equal thrust arrt;r;,!ed In a 8quarv pattern,

The simulated fountains were allowed to impinge on a represent;ativr aircrAft mouoel

:ind the fuorcei ind momen Ui inducoed on the model were Iuro aSured by a SIx-cUIIIpoLnoLIn

strain gauge balance, After a brief description of the apparatus and test setup,

measured normal forces are compared to the results predicted using the methods

described above.

6,3,1 Fountain Impingement rest Apparatus - The fountain generator design was

based upon the analogy between a symmetric two-jet fountain and a radial jet, and

the postulated equivalence between multiple-jet fountains and combinations of radial
jets, The fountain generator was used to isolate the fountain forces froa the free

and wall Jet suckdown forces which would exist if the entire flowfield were simu-

lated at once, Figure 74 is a schematic of the founcain generator assembly. Four

pipes are supplied with high pressure air from an existing facility. Each pipe
discharges into one of four plenums, which are equipped with porous plates and screens
to smooth the flow, Each plenum supplies two nozzles. The four plenums and eight
nozzles are arranged in a square pattern, creating four annular nozzles through which

the air exhausts, forming four ainular jets, To simulate two-jet founLains, tUree

of the annular nozzles were capped. To simulate four jet fountains all the nozzles
were operated. As explained in Section 5, only a fraction of each annular jet's mass
flux should contribute to the four-jet fountain. Consequently, a detachable surface
in the shape of a pyramid was used to split the annular jets when simulating a four-
Jet fountain, as indicated in Figure 74, The forces and moments produced by the

simulated fountain impingement on a wing-fuselage model were measured by an internal
six-component strain gauge balance, During the first phase of the test program,
a total pressure rake was used to probe the Jet flowfields, Figure 75 shows the

overall test arrangement, including the fountain generator, model, rake, and

support structures. The model could be translated in three directions relative
to the fixed fountain generator, and rotated about all three axes, Higsh and low

wing configurations were tested, with and without trailing edge flaps and simulated

underwing stores,

6.5.2 Comparison of Two-Jet Fountain Results - An examination of the data ob-
tained from this test program soon revealed the necessity to include a fountain
suckdown force, For a single radial Jet, Figure 76 compares some test' rsults to

a calculation of the fountain impingement forcu carried out by the method described

in SecLion 6,1,1,2, For the cases shown, a single radial let impinged upon a clean,
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low wing model configuration, with the plate or thu annular nozzle ariented perpondi-

cularly to the model plane otl symmetry. 'this arrangement Limulates the fountain

for a two-lift-jet aircraft with the. IJew mountud in tho fu'.efage, 'Ih, curves

indicate the variation in normal frou cut Fitc Lunt ils the .et impingo LIL cf feir..nt

sI.itatlons along Cho axis, As hefore, the norm 1l force conefll. i ent Is dofin,.od is:

Noiumal Force on modCl.
N Anui'ila Jot olro$n.lilt'iuml iNtx

T"For the four jet exit yeIcw, oii s t omtod, thi rt-HuL1t,, Indicato I h' tha t irly gnod rit'ii t

correlation Is obtained using this coefficient. Each one of the graphs correspondii

to a different value of the distanrve (R0 ) between the nozzle centerline and the

reference point on the bottom of the fuselage, It is obvious that the cai1-culeted

jet impingement force does not account for all the furces acting oin the model. Vor

R a 8 and 6 in., the jet impingement calculation predicts tihe shape of the curve

fairly well.. A constant force is created when the jet inpinges on the fuselage.

A sharp increase in normal force occurs as the Jet starts to impinge on the wing

trailing edge, rising to a peak value when xO lieo hi the region of maximum plianformn

span. Then a subsequent slower docay as che jet Impinges on a region of rodt.ced

wi.ng span containing the .swept wing leading edge, The level of the forces, and in

some cases their sign is not accurately predicted by the impingement u.alculat.on.

It appjavs that in addition to the impingement fortre, a substantial fo•int.aLn sucik-

down force is also acting on the modal, This is evident in Figura 77, which Is n

croasplot of tile data iLn Figure 76 Eor three let imlpingemlent stationls xn. One wouLd

expect Lhat aA I ilnr:easeus, the Inipingem.•nt force. on the model. woold decrease, since

a smaller iiector of the annular J(;t linpinges on the model, The dtna however, show

the opposite crend. In fact, for K * -7 the force on the model is negatIve for

all values cr poP Sinc$ e the total fountain force must evencually approach ziro,

all. thm curves in Figure 77 must eventually approach zero, but, thi beuhavlor was

not yet evidunt within the R range tested.

When the fo untain suckdown force coefficient is included, the prudict ion Is

Hubstantitally improved, AN indicated in Rl"gure 67, for a rectangular plate, the

fotuntai1 isuckdown force is negative, and app roi-hos zero as R inc rolast.s. F"i,!titCc

78 comaras ••the c ui •.!.ated toL al, normal force co f ilcivnt, tor the tip.'a.u. Ida l-w nug

model, co the data, The variation with It is indicated, for two vatl,.'iu of .111 j Ut'

Impingement station x , The calculatod normal rorce cueFlfit lnL inCLUticitdt, tl HUkdlOW

term obtatne.d by the method outlined in Section 6.1.2,2, Althoutgh tihe, ngrvunont-

between d'ta and theory i.s far from perfect, the t1hewry predIcts t:h1.w dlita trunds

reasonably well. The agr.emvnl; could plerhaps be ilnprovud by Ulofu.n.t rig t:hw suckdown
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calculation (e.g.) including radial jet thickness effects, but there is a more. funda-
mental factor which obscures comparisons to data from this test program, As indicated

in FIgure 75, there was no simulation of the ground plane during the test. The cal.-

culation assumes that there is a ground plane which constrains the area through which

the entrained mass flow must be supplied. For the computed results shown in Figure

78, it was assumed thit the ground board was located flush with the top of the

fountain generator plenums (the pyramid was removed for this sIngle-jet cunfigiatLiun),

but this iL only a crude approximation of the actual geometry. UnforLunately, this

problem must remain unsolved at present. A test program is currently planned, which

will include the ground board and allow the radial jets to exhaust through appropriate

slots in this ground board. This will provide a more realistic simulation of the

actual conditions, and will permit a more direct comparison of theoretical and exper-

imental results.

6.3.3 Comparison of Four-Jet Fountain Results - The calculation of four-jet

fountain impingemant and suckdown forces has been detailed in Sections 6.2,1 and 6.2.2.

Results were obtained specifically for the configuration tested. Figure 79 compares

the predicted force coefficient to the data. As indicated by the sketch in the
figure, uhe four radial jet planes of symmetry go through the model x and y axes.

The agreement between theory and data is reasonably good in this case, which may be

due to the fact that the fountain generator pyramid constrained the flow underneath

the model, When performing the suckdown calculations outlined in Section 6.2.2,

it was again assumed that the ground plane was flush with the tops of the fountain

generator plenums.

I1
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7. EFFECTS OF PROTUBERANCES ON INDUCED FORCES

Protuberances on the underside of an airframe may be used to enhance the

positive fountain force, provided they are Judiciously placed. These protuberances

may be underwing stores and pylons, landing gear doors, speed brakes, deflected

flaps, or aimply plates located expressly for increasing the overall lift on the

airframe. Methods to estimate the effects of underwing stores and deflected flaps

on the fountain force have been derived as part of this study. They art exten-

sions of techniques to calculate the fountain impingement force which have been

described in Section 6.

It was shown in Sectioii 6 that the total fountain force is made up of a

positive impingement force and a negative suckdown force. It Is assumed that the

presence of underwing protuberances does not affect the .uckdown force, but does

produce an increment in the impingement force. For underwing stores and for a

trailing edge flap, the calculation of ý.,ese increments is outlined in the follow-

ing subsections. Comparisons to experimental results from the fountain impingement

test described in Section 6.3 are also shown, The methods apply only to two-jet

configurations but they could be combined to include multiple-jet configurations,

7.1 Fountain Force Increment Due to Stores

In Section 6.1.1, a specific type of flow turning process has been postulated

to occur when a radial jet strikes the underside of the airframe. In this

turning process, depicted in Figure 62, the velocity component normal to the air-

craft platform is rotated by 90', and the tangential component is unchanged, The

flow produced on the underside of the airframe when the radial jet's plane of

symmetry is perpendicular to the aircraft plane of symmetry then has a velocity

component in the spanwise direction, This spanwise flow is inhibited by the pre-

sence of wing pylons, and an increase in fountain force results.

Figure 80 shows a drawing of the aircraft modal used for the fountain impinge-

ment test program, with chordwise plates mounted on the wing undersurface to

simulate underwing pylons and stores. When the model undersurface is clean, the
t. fountain impingement force has been calculated by equating the normal component

of the jet dynamic pressure to the pressure difference acting on the aircraft

planform. This pressure was taken to act over the radial jet's "footprint" cn

the planform. Since the chordwisae plates restrict the jet's spanwise flow, it is

assumed that for the jet sector subtended by the distance between the plates, the

total jet dynamic pressure is recovered as a positive pressure on the planform

undersurface, In Figure 80, this occurs over the part of the fountain footprint

indicated by the double crosshatching. Note that as Ro increases, the angle
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CALCULATION OF NORMAL FORCE INCREMENT DUE TO UNDERWING STORES

subtended by the distance between the stores decreases, so that the normal force

increment will decrease.

Under the above assumptions, the normal force increment acting on a planform

strip dy will, bet

d6P-V (I -Cos e) dx dy2

xt

or, xy

d (AF) f V 2 R ain a dx dy

The x-integration can be carried out as detailed in Section 6,1.1.2. Using;

sin 8 (127)
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an expression equivalent to Equation (97a) can be derived tar the total impinge-

ment force increment' due to one of the chordwiae plates, The result is+

O 0374) --2 L 1

- tanh C* tanh34* dy (128a)Elz t 0 . + ý ) IT1

X -r X X+

(1.703) (128b)

- y/R (128c)
0

and the other variables are defined in Section 6.1.1.2. For the configuration

tested during the fountain impingement test program, x0 3 in., and the entire

fountain footprint was captured in the chordwise direction. Then, taking the

limit in Equation (128a) an

it become. Ifat
AF2  o~.*.*. 3 dy (129)z at 41o ( 023+ • ,(•

letting be = span between stores

b
st, 2P ,at

lefining the total normal force increment

:• •kCNt * 2tAF
N t aBt

and carrying out the integration in Equation (129)

b

' • 0

I'' + ( 22
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IMI
For the case tested

b 10 .in.

and Equation (130) in plotted in Figure 81 along with data from the fountain

impingement test. In Figure 81, the calculated incremental normal force coeffi-

cient is added to the clean configuration data, to obtain the solid line. This

is to be compared with the data points obtained with the simulated stores. Fur

the case shown, the chordwiee plates extended from the wing leading edge to 72%

of the local wing chord. The agreement between data and experiment is quite

"satisfactory except for the lowest value of R,.

0A

0.08 _____

L0 .

U..

1.04

TIheort•lcal rnon~munt udded to cIIImIi data

-. ,9 72% chord lmUht l ItOrom

-0 c lean-0 .0 8 l - I - -4 - - I - I . .

2 3 4 5 a 7 8
Distance from Nozzle (, R • In

F1G3URE 81 ,,,.o,,4.
THEORETICAL AND EXPERIMENTAL NORMAL FORCE COEFFICIENT

WITH SIMULATED STORES

7.2 Fountain Force Impingement Due to Trailing Edge Flap Deflection

Figure 82 illustrates the reasoning used to predict the increment in fountain

impingement force produced by deflecting a trailing edge flap, Once again, the

geometry corresponds to that tented in the fountain impingement experimental

program. The effect of the flap is to redirect the flow along the wing bottom

surface downward, and in so doing, to create an upward reaction force ou the air-
frame. For the case considered, the flap extends along the entire exposed wing

span, the flap hinge line is at 72% of loual c•hord, and the flap deflection angle
is 40*, As before, the radial Jet is assumed to split and "fold" upon impingement
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b12 0 1

MOMENTUM FLUX DIAGRAM FOR COMPUTING FOUNTAIN FORCE
INCREMENT DUE TO TRAILING EDGE FLAP DEFLECTION

dlIcuiied in Section 6.1.1.2, t~he dynamic pressure impact relation implies t~hat
one half of the radial jet'e• momentum ii lost when it itnpin~ev on the wing under-
e.ir~ece, On the other hand, Equation (135) would have to be multiplied by 2
tr, account for the other half of the symmetric momentum fl..x diagram. Con~e-

,, quently, Equation (135) will be taken to represent the momentum flux neaeded to
r calculate the total fountain force increment. Introducing the mommntumu component

norcnal to the planforn, the normal force increment is given by

*'• z - *i;i 6 f (sin O If l - I1 o

So, in term. of a normaal force coefficient

ACNf * [gin 6f - cmt 0] , (136)

Note that in •'1guru 82 the ilap only extendu ac~oasi th• expo&~ed '4mnM 'pan, Trhe

/ ~angus¢ %f and :'oarsi
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sbn/2* (137a)
si _. f 12 _ Z"

F~b/2 + (Ro+ 2.7) J

and
sin 0 ,, _ _ 1 25 - -- (137b) i

i 0 (b/2) 2 + (R + 2.7)3

1here is an extra force increment due to the momentum flux across tihe

flap tip, bat this tee=m Ika been neglected,

Equations (135) and (1,37) were used to calculate an incremental. normal
force coefficient due to flap deflection. This increment wa~i added to the

clean confiMuration normal force coefficient, and the result is indicated by the
solid line in Figure 84. The figure also includes the experimental results
obtained with the defected flap. Agreement between theory and data is satisfac-

tory, although the theory appears to vverpredict the force at the higher values

of Ro,

0.12 -4 -- - -

0.08 - --

S 0.04

004 ~itac fr oomN-zlica, Ruromp in, dt da dt

080

2 3 4 5 a
0istance from Nozzle (t, R0  ill.

GPflfl1I4,1

FIGURE 84
THEORETICAL AND EXPERIMENTAL NORMAL FORCE COEFFICIENTS

WITH FULL-SPAN FLAPS
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8, SUMMARY OF RESULTS AND RECOMMENDATIONS FOR FURTHER STUDY

A methodology for the prediction of propulsive lift system jet induced

aerodynamic effects for multi-jet VTOL aircraft hovering in and out of ground

effect has been devoloped. To implement the anayslm, the viscous (turbulehtt)

fluwfteld below the aircraft in ground effect bha heen dyvtried into five ma.jor

elements:

1. Ftee-Jut development.

2. Jet impingement.

3. Wall-jet development.

4. Stagnation and fountain base line formation,

5. Fountain development and impact on aircraft under-aurface.

The forces (suckdown) and moments on the fuselago/wing induced by the

entrainment of the turbulent free-jets and wall-jets hoth in and out of ground

effect (where appropriate) are computed by a Douglas Neumann potential flow
procedure which has been modified specifically for VTOL hover computations.
The entrainment of the jets is modeled by prescribing, from empirical data,

a mink distribution on the jet surfaces which simulates thu inflow due to

turbulent jet entrainment. This requires the panelling of pertinent free-jet

and wall-jet surfaces. Forces and moments from the induced potential flows are

determined on airframe surface panels from local murface pressures computed by

application of the Bernoulli equation.

The contribution to the overall forces and momentn on the airframe due

to fountain impingement is computed separately and added to the induced potential

flow computation results, Since the fountain impinges on the airframe directly,

the prodiction methods developed are more empirical in nature. To calculate

the fuuntain forces, an analogy between fountains and radial jets with virtual

origins located below the ground plane surface was o i:,hbl thod, The dynamic

pressure diatribution in these jets was umed to calculate the fountain impingement

force on the airframe, and the entrainient distributilon on these jets was used

to calculate a fountain suckdown force,

Limited comparfilon', of the resi.l tn of the complete prdiction meth loydo I o

wiLh expurfimentni dai ta in ground OffU.ft for n 1.5% scacle Imodl of at V'otur .lir't

Jet VTOL att Lck aircraft were tmnde, noseo compa'risooims hihowod acceptable figrue-

mi tL hetwoon mevniared and c!omputed suckdownl Ifor, £t e and overprL'cd ct.ton of the

mnbni tude of th, fountain impinjgument force , 'Thu overlreditlton of the• I'M1un-

Lain imp ingomeont force Is thought to b' due tO t04e hah l Itv of tLhe meLhodology

to predlct fo.untaio '4upprvts4Hon die to pirtt•il morgnlog of the lift Jetol plror

to groiund impingenietin or overlip of imphigemunt ri' g olls o1n thi ground plant'.
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131Froe Jet iavelont

The data obtained on non-cirtcular jtvts show a c:onsiderabl e amount of "1

ciattter and are' rathitr Ili tt l II I SOopc . Spec. if i ca 1. y , more in formnLtI (i,

on the t.Ltralnmenlt rate diLstribut-lon for r titIgn}Urd JOLHt with non-uniiorm -i

oxiL w, Ie lcity pdt-of e, Is recluttred, and llformait io n ,l the vfiL roI.inment

chiracter I -,it L ott o' ct'lilplL "'-'I 11' 10 I lV h1rt. t' l I ;I n .r L !t , I Hi needtd

The methodology devel.opud here.n assumes that wal.-jet propertleN are

established by the impingement of individual jetm on the ground plane.

Plow propurtiesi at the vxi.t of the i.mpingement region (am investigated InI

Reference 2 for circular Jets) are needed for jets from non-circular noz-
Z1UH, espeCially high asepct raitio (AR >. 4) rectangular nozzles,. Addi,-..

tionally, in cases where two or more jots merge or partially merge before

impingement, ur where two jets impinge with overlapping Impingement region

radii, RI, the formation oft a fountain bet:weon the two Jets may be Hup-

pressed. The magnitudu of thiN suppression and iLs deplndance on jet

spacing vnd norzle exit i;hapt iu ist be invost:LHated .

8,3 ,,ounti.tn IDevelop ment

'rie tounta:ILn upwatwh Flow iveld model- devoloped in this study hWve been

rustricLed to fountains gencrated by a combination of Iircular or nerly

circular jolts, all. 2 at whLch impinge at 90* to the ground pl.ne, are located

tit the same height above the ground plane, aLnd have equal. thrust *, Trh re

are no data on the fountains generated when the jot interaction fl.owfl'id

is asymmetric even for the simplest case of two porpondicular jets of dif-

ferent thrust. The fountain flowf Luld development for non-circulai: nozzles

is another area that require,1s further Lnvoistigatiun, .In the calcklOt lot of

foutntai-n induced forcer and moments, rhthre tre aros which require furtLher

develIopmrnt, even within the restrilcti n of the presenlt. foutultahin fl.towfi!.L.ld

model.s, 'Th fountanin suckdown force It currently ctilcu.lated by a rather

crudu method, and Lhis shortoominrig cOUld hb improved by mndCltUdhg the fountLa~In

entrainment diLstrihtItton in the overall suckdown cal.culatLon perfotnd with

the DougLas Neumann poten.lIal flow program,

N- 0
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APPENflTX T

AT RFRAME AND J ETl COORDINATES

1rohb 1011: Tou definu airfrumv gemenctry, l1et posI.tI onH , le ci'cetor In

anigILH , and *jet injinp'crnc'.L poini f o r an a rbi trary VIOL1 c'onLi gu rnt on

hove ring in ground o f foet-
ýjýoLE L eiv tansformation front airplane fixed to ground fixed

coordinates. Locate Jet exit positions in ground fixed coordinnteja and jvt

[ inclination anglesi relative to ground plane. For each nozzle, locate effec-

tive jet Impingement point on ground. This point is defined as the inter-

section with the ground plane of a straight line incline~d at the let incl~ina-

tion angle and going t~hrough the noz4Ie center uf thrust.

Purpose: To provide basic gnometric input to (static) aero-propulsive

lnteractioti. pi.oblem. Inpit geometric parameters are assumed to be:

0 Airp lane. o.g. I neat ion (NfuHLI age H t:atloIn, Wa Lu rlinc , ho Li 1.1nl).

o Location of center of thrust for each nozzle.

o Thrust vectoring and splay angles for each nozzle.

a Airframe angle of pitch, roll and yaw. (The latter is only important

for cross wind cases.)

o Height of airplane. c~g. above ground plane..

Trran~s format gio Equations i
Transform unit base 'ý#,;ztors

along airplane-fixed nxes (x, y, z) In Figure 1-1., to vectors

,P k'

along lines (A, B, C) respectively.

The reference angles are the standard Euler tinglus:

U pitch

y yaw

roll
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FIGURE M. OP77-0374-41

EULER ANGLES

Defining first the I~nterrnedialte vectors e r and e along lines OR~ and OS.

rempect ivelyi

L :..,....i

w)-1 c o s p + s" in qj
r

0 *-~~ sin ij~ + T " coIs ii

U,41 ng thoso4 veo~to rs, theŽ rtio -.iton bew twun thu unp rimod 111d Cl0,11l u-p1r [mud

base vectors many be Hhown to be:

A. P, [co cs 11 6j i + f" U:± 11) C.09 i [sin ol i-a

,L"[oas tP sin 0 sin 1F - sin Il cols (I] (-h

+ P~' [sin q) sin 0 sin 4) + cos iii com ql ]~ Itan qI cos fli

ku [cos p sin 1)co6 (1 + sin isin 1F] +0(-10

+ iI[sin ij sIn 0 cum J) - cos tp Pv~n (P] + k" a (O ) co +

Now Lntroduce a third, ground fixed, coordiLmute qystum Huch that

ki' -V z"x

1414
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where h is the height of the center of gravity above the ground plane, posi-
cg

tire upward.

In the airplane coordinates, the nth jet noznle location will be defined

by a vector

r X + *1y +kýZ,
In In

Equations (1-1.), (L-2) and (1-3) may be used to obt:aln the nozzle coordinates

in the ground fixed systeurm

+tr In + 1 ' 4 ' n + Z'r jn jn Y jn rn

where

xv'jn " X (COS q) Cos ] + y [CON ' sin 0 sin p - sin ' cos n] (1-4a)

+ z (coo in sin ]co + sin 'in
j f

Y n W'x[sin ' coos 0] - y [sin q, sin 0 nin ' 4 co n ' iou ,1 (T-4b)
in j 1 in

- Zn (min ' sin ( coo ' - corn P sin 0]

Y. jn " hog + x ijn(sn 0] - jn Luin 'P coo 0] - z(n[Cos 0 coo ] (J0-4c)

The thrust vector direction for the nth nozzle is defined by two angles,

Thrust deflection angle 6n
Nozzle splay angle ,n

Referring to Figure [-2, a unit thrust vctCor in the airplane1 coordinnte sysLem

is then given by

*n (on C. n cos I n (Con mi n l,

In the fround coordinate systum, the unit thrust vector for the nth
nozzle is denoted by

n r n

and using EqI:fAtions ((-.), (L-2) and (1-3), Equation (1-5) yields

,--(coO :n coN IS) uos ip cos 0] - sin r.n [cOa i, sin 0 sin , - sin 4, cos ',]

Xn nn+ (cos r. min ,%) coHs •ISin% 0 Cos (1 + si,• 'an sin ('1- 6a)
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FIGURE 1.2
NOZZLE THRUST DEFLECTION ANGLE AND SPLAY ANGLE

t', *.(Cos Cn CON 6)[sin cson 01 - sin E (sin 41 sin 0 mi n + con P LOS 'P]

+ (coon sin n )(sin o sin (- coo ' - cos iij sln '] (1-6b)

to' m (con r n coo 6n)in ) ] -6 "in r. [Nin ' com 0]

+ (coo Cn sin n )(Cos 0 cog, (1-6c)

The effective jet impir,'genmnt point is defined by the intersectLon of A
straight line emanating from the nozzle center and parallel to tho tn vector,
and the ground plane z' 0, Pratt the equation for the line

x x
.- r*- -y n• tyt

fl- II n2

it can be shown that the effective impingement point coordinates re given by:

yn y ny I J/ ( 1- 70)

n,
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The effective impingement angle for the nth jet is defined as

(I M C s (k t n)
n n

cir

Cn w Cos to (-8)
n).

1'
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4. APPENDIX It

JET PATH DEFLECTION DUE TO CROSS-FLOW

'Th0 Io Ltit on and direction of the thrust vector for the tith nozzle of an

aircraft at an arbitrary attitude may be Specifiud by thL tranf[ornutiun

uquations i. Ap)Ipendix I.. vie reference coordintntU systm .Is fixed to the
ground and defined by the (x', y', ;') axes shown in Figure I-i. The position

of the thrust veotor for the nth jet is denoted by I

r n " 'n + j + jn

and its direction by the unit vector I

t'o - 't t' ,I + It t' I + if t' (.-2)
tiX n n Z n

In thle above equations (i', J', k') are unit vectors in the (r, y', Z') direc-

tions, respectively. In a crossflow, the jet path for the nth jet is defined

by the empirical equation presented in Reference 12 1

tan

where • and t are distances which have been normalized by the jet diameter,

and Gon is the complement of the angle between the jet velocity vector and the

UIruu stream velocity vector. This equation has been used with good results in

studies of power-induced effects in transition flight, (Reference 13).

Equation (11-3) is considered to apply in the plane defined by tho free stream

and jet velocity vectors. By definition of the ground-fixed coordinate system,

" Kand since the jet velocity vector direction is opposite to that of the thrust

vector

~Jn "' - ~ 1 hnf I1-

I
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The croass product of thesa two vectors defines the normal to the plane which

contains thum, and the dot product cifines the angleu between the free streum

and jet velo.o1 ltem. Thus

V) 2  iv-I COH 1 (1 1-6A)
tV1 *V-iv I(.1-

where V~o In ~

Vjn '•., " t~jn IV,, I in % ,-1•

where the unit vector e 2n and the angle 0Oil are shown in Figure 11-1.

aAI,,

hJet Pttth

V go i n I 0,

ond

C2, - "2 '% +' 11-b

'il ~ ~~FIGURE 11.1 o. s,

!. ,JET PATH PLANE DEFINITION

i•Using Equations (11-4) and (1.I-5) in Equations (11-6). it 1-4 post.4biv to

s how that

i Oon " il•l [t'x (11-7A)

sand

e n .-'n 2.W5-n + ,

, 150



From Equation (l1-7b) it is then possible to calculate the angle

ýOn ro- I cog ' n/ - tx ) III
Thvs angle is nlao shown In Figure 11-1.

in tie (x' , y', ) coordinate rmystem, pointH along the jet path are

given by

X'p0 -d 1 n• + X'j (11-9a)

Y-Pn Y'Jn n c-On sin (II-9b)

'Pn Z J - dJn COn (I00-9c)

where r and c are relared by Equation (11-3) and d n is the exit diameter for

the nth jet, Intersection with the ground plane is defined by the condition

9Pn 0

Using this in (I1-9c) and substituting in (tf,-9b)

Y'On " n Jn tan d n (IT-lO)

a~nd using (11-3) and (11-9a) 2'' ,6tn0 O~n t-l

1 dn- -dn 
J - -+iL n

Equations (11-10) and (I1-1l define the point at which the jet path intercepts

the ground. To define the angle of intsrsection, Equation (11-3) is differen-

tiated to calculate

tan 0  n +tn0(1-)
M cogcOn

where Equation (It-9c) for " Pn "0 has been uad, and where 0n is the angle

between the jet path and a perpendicular in the (1., 0) plane, as shown in

Figure 1.1-1. With 0n calculated from Equation (11-12), it iii then possi.ble to

dufine a unit vector tangent to the jet path, and the componentA of this vector
in the Wx, y' z') system. The result is

! 'On -'•' (sin on) + ."' (cOn (i N in l), ) + k' (c,.4 011 coo (t11-13)
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As in Appendix I the effective impingement angle ror the Jet i,
SLyn Cos," t• , ' 'On l

ur

-1

on

or [i

an 0t•n- U :n , I (I '--Ion)

hn addition, the angle of the o~lane in which the above angle .iea :IN given by

13

"*n" tan [t , / t'., ny •

or!

1.

I,

~1.52ii


